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ABSTRACT

Numerous solar, space, and astrophysical observations of jet- and bubble-like plasma
structures exhibit morphological similarities, suggesting that there may be common plasma
physics at work in the formation and evolution processes of these structures at different system
scales. The ideal magnetohydrodynamics (MHD) provide the necessary theoretical basis for
employing laboratory experiments to investigate key physical processes in nonlinear
astrophysical and solar systems, especially when magnetic fields are present.
A coaxial magnetized plasma gun has been designed, installed, tested and operated in
the HelCat linear device at the University of New Mexico. The combination of various plasma
structures generated by the coaxial gun and diverse main chamber conditions provides a wide
range of controllable experimental conditions to simulate the underlying physic processes of
different astronomical systems.
In Region I, a current-driven plasma jet is formed. The plasma column experiences the
current-driven kink instability consistent with the Kruskal-Shafranov criterion. When a

v

perpendicular background magnetic field is applied, the jet column length increases with a
longer life-time, and appears to show greater stability. Evidence suggests that magnetic tension,
caused by the curvature of background magnetic field, leads to an axial sheared flow, which
contribute to the stabilization. The calculated results are accordant with the stabilization
criterion

𝑑𝑣𝑧
𝑑𝑟

> 0.1𝑘𝑉𝐴 - reported by other research groups for similar magnetic geometrics.

In Region II, spheromak-like plasma formation is verified. Taylor relaxation process
occurs simultaneously, converting toroidal flux into poloidal flux. At the same time, the spatial
and temporal profiles of λ evolve. When the spheromak plasma propagates into the background
magnetic field, the typical self-closed magnetic configuration does not hold any more. At the
upper-side, the Rayleigh -Taylor instability has been observed. The theoretical analysis is
present and the instability growth rate has been calculated.
Details of the experiment setup, diagnostics, experimental results and theoretical
analysis for region I and II are discussed in this thesis work.
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Chapter 1 Background and Introduction
Plasma is the fourth state of matter containing freely moving ions, electrons and
possibly neutral atoms. These ions and electrons collide with other charged particles via
coulomb interactions. Furthermore, the charged particles’ movement creates an electrical
current which induces a magnetic field. The coupling of electrical current and magnetic field
exerts a Lorentz force on the plasma, leading to complex behavior of the plasma.
Plasma makes up 99% of all visible matter.1 Plasma physics determines the dynamics
of many astrophysical systems including stars, relativistic jets, interstellar media and solar
physics phenomena, including solar coronal mass ejections, the solar wind, and solar flares.
As a result, studying plasma physics is important to understand the fundamental behavior of
the universe.
The three main characteristic parameters for a plasma are: 1) plasma density, 𝑛 ,
measured in particles per cubic meter (m-3); 2) magnetic flux density, B (for convenience this
will herein be referred to as simply the magnetic field), measured in Telsa (T) or Gauss (G); 3)
temperature, T, measured in electron-Volts (eV) with 1 eV = 11604.53 kelvin (K). The plasma
generated in the Plasma Bubble Expansion eXperiment (PBEX) at the University of New
Mexico (UNM) has a density of ~1020 m-3. For comparison, the solar corona has a density of
~1015 m-3, and the interstellar medium has a density of ~107 m-3. The magnetic field of PBEX
is ~ 500 – 2000 G. For reference, radio-faint galaxies like M31 and M33 have weak fields
about 5 μG, while gas-rich galaxies with high star-formation rates, like M51 and M83, have
15 μG on average.2 In the astrophysics, the strongest large-scale fields (50-100 μG) were found
in starburst galaxies, such as M82, and in nuclear starburst regions, as in the center of
NGC1097.3 The temperature of the PBEX plasma is around 10 eV. Although it is hotter than
1

other similar experimental plasmas,4, 5 it is still a modest plasma temperature, considering
many space plasmas being ~ 10 – 100 eV. Figure 1.1 shows the scale range of various plasmas
at different temperatures and densities.

Figure 1.1. Multiple plasma sources in density-temperature space. Photo credits: Interstellar
medium: https://imaginecosmos.com/galaxies/interstellar-medium/; Aurora: Image courtesy
of Sebastian Saarloos; Nebulae: NASA/ESA/J.Hester; Solar corona: NASA-SOHO; Solar
Core: SOHO (ESA&NASA).

1.1 Magnetohydrodynamic (MHD) theory
As discussed above, the charged particles in a plasma interact via electric and magnetic
fields. As a result, the equations to describe plasma dynamics are very complicated. The three
main theories, listed here from complex to simple, are as follows: the Vlasov theory which
tracks a species’ velocity distribution function in the space-velocity phase space subject to the
charged particles’ motion, possible collisions, and Lorentz force.6 The two-fluid theory takes
2

moments of the distribution function in the Vlasov equations, separates ion and electron motion
as two individual flows, and analyses these independent dynamic behaviors and interactions.
MHD theory simplifies the two-fluid theory even further and treats the plasma as a single
conductive fluid. Despite its simplicity, the magnetic flux “frozen-in” property, and the system
dimension independence property (to be described shortly) make it a powerful, and valuable,
tool to interpret many plasma phenomena. MHD theory will be the primary theory used for
analysis in the following chapters. These MHD properties will discuss in detail in this section.
MHD theory combines elements of the Navier-Stokes equations which describe fluid
dynamics, and Maxwell’s equations which describe electromagnetism. The Eulerian form of
the MHD equations in SI units are:
Continuity equation

∂ρ
∂t

⃑)=0
+ ∇ ∙ (𝜌𝒗

⃑
d𝒗

⃑
∂𝒗

(1.1)

Equation of motion

⃑⃑ − 𝛁𝑷
⃡⃑
⃑ ∙ ∇𝒗
⃑ ) = 𝑱×𝑩
ρ dt = ρ ( ∂t + 𝒗

(1.2)

Ohm’s law

⃑𝑬 + 𝒗
⃑⃑ = 𝜂𝑱
⃑ ×𝑩

(1.3)

Faraday’s law

⃑ = − 𝜕𝑩
∇×𝑬
𝜕𝑡

(1.4)

Ampere’s law

⃑⃑ = 𝜇0 𝑱
∇×𝑩

(1.5)

Energy equation

𝑃

(1.6)

⃑⃑

𝜌𝛾

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

⃑ is the velocity vector (velocity of the center of mass of
where ρ is the plasma mass density, 𝒗
⃡⃑ is the plasma pressure tensor. Typically, MHD theory reduces the tensor
ions and electrons). 𝑷
⃑ , and 𝑱 are the electric field, the magnetic field, and
and uses only the scalar pressure 𝑃. ⃑𝑬, ⃑𝑩
the current density vectors, respectively. 𝜂 is the plasma resistivity, and 𝛾 is the adiabatic index,
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which is also called the heat capacity ratio and depends on gas species and the heating
procession type. For a sufficiently collisional and fully stripped plasma, 𝛾 = 5/3.
The continuity equation, equation of motion, and energy equation described in MHD
theory are very similar to those for neutral fluid hydrodynamics except that the equation of
⃑⃑ ). Ampere’s law is in the same expression as in
motion contains the Lorentz force term (𝑱×𝑩
the Maxwell’s equation for the non-relativistic case. A note that needs to be addressed is that
although relativistic MHD equations are widely used for various astrophysical cases, such as
an active galactic nucleus (AGN),7 the non-relativistic MHD equations are employed here to
analysis the plasma dynamics for PBEX at UNM since the plasma propagation velocity is
much less than the speed of light.
Several criteria must be satisfied for a plasma to be well described using the MHD
equations. Firstly, the plasma phenomenon needs to be non-relativistic (velocities are much
less than the speed of light) as discussed above. Secondly, the characteristic lengths of the
𝜖0 𝐾𝐵 𝑇

plasma dynamics are much longer than the Debye length 𝜆𝐷 = √

𝑛𝑞 2

(the distance over

which a plasma acts as a charged particle), where 𝑛 is the plasma particle number density, 𝜖0
is the vacuum permittivity, 𝐾𝐵 is the Boltzmann constant, T is the plasma temperature and 𝑞
is the particle charge. Thirdly, the characteristic time scale of the plasma dynamics is much
longer than the ion and electron cyclotron periods 𝑡𝑒(𝑖) =

2𝜋𝑚𝑒(𝑖)
𝑒𝐵

(the time it takes a charged

particle to complete an orbit in a magnetic field). In another word, the motions of ions and
electrons are well coupled, which leads to the result that the Hall term of the electron motion
equation can be ignored for the given MHD Ohm’s law. Lastly, plasma dynamics are much
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slower than the particle collision rate which means the particle distribution is Maxwellian and
the plasma can be treated as a single fluid.

1.1.1 Lorentz force: magnetic tension, magnetic pressure, and force-free
state
Substituting Ampere’s law (Eq. 1.5) into the Lorentz force, one easily obtains

⃑⃑ =
𝑱×𝑩

2

1
𝜇0

⃑⃑ )×𝑩
⃑⃑ = 1 ⃑𝑩
⃑ ∙ ∇𝑩
⃑⃑ − ∇( 𝐵 )
(∇×𝑩
𝜇
2𝜇
0

(1.7)

0

̂ is a unit vector in the direction of ⃑𝑩⃑ , then ∇𝑩
⃑ = 𝐵𝑩
̂ where 𝑩
⃑⃑ can be
Reforming ⃑𝑩
⃑⃑ = ∇(𝐵𝑩
̂ ) = (∇𝐵)𝑩
̂ + 𝐵(∇𝑩
̂ ) . Combining this ∇𝑩
⃑⃑ expression with the
expressed as ∇𝑩
⃑⃑ ∙ ⃑𝑫
⃑ ) = (𝑨
⃑ ∙ ∇)𝑫
⃑⃑ + (𝑫
⃑⃑ ∙ ∇)𝑨
⃑ + ⃑𝑨×(∇×𝑫
⃑⃑ ) + ⃑𝑫
⃑ ×(∇×𝑨
⃑ ) to Eq.
vector calculus identity ∇(𝑨
1.7, it gets

⃑⃑ =
𝑱×𝑩

2

1
𝜇0

2

2

⃑𝑩
⃑ ∙ ∇𝑩
⃑⃑ − ∇ ( 𝐵 ) = −∇ ( 𝐵 ) + 𝐵 𝑩
̂ ∙ ∇𝑩
̂
2𝜇
2𝜇
𝜇
0

0

(1.8)

0

𝐵2

The first term corresponds to the magnetic pressure, with 𝑃𝐵 = 2𝜇 . An important parameter of
0

a plasma is the plasma beta, defined as the ratio of plasma thermal pressure to the magnetic
pressure:

𝛽=
The second term

𝐵2
𝜇0

𝑃
𝑃𝐵

=

𝑃
𝐵2 ⁄2𝜇

(1.9)
0

̂ ∙ ∇𝑩
̂ can be further decomposed into two terms:
𝑩
𝐵2
𝜇0

2

̂ ∙ ∇𝑩
̂=𝑩
̂𝑩
̂ ∙ ∇(𝐵 ) − 𝐵
𝑩
2𝜇
𝜇
0
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2

̂
𝑹

0

𝑹𝑐

(1.10)

̂ is the unit vector pointing from the center of curvature to the magnetic field line and
where 𝑹
𝑹𝑐 is the radius of curvature of the field line. Figure 1.2 shows the configuration for any
location on a curved magnetic field.

Figure 1.2. A local cylindrical coordinate system along with a curved magnetic field at any
̂=
̂.
location with the magnetic tension force indicated. 𝑩
The first term of Eq. 1.10 cancels out the magnetic pressure gradient term in Eq. 1.8 in
the direction along the magnetic field lines. This implies that the magnetic pressure force is not
𝐵2

isotropic and only the perpendicular components, ∇⊥ (2𝜇 ), exert force on the plasma. The
0

second term in Eq. 1.10 corresponds to the magnetic tension force which is directed towards
the center of the field lines’ curvature as indicated in Figure 1.2. Thus, the tension force acts to
straighten out the field lines and push the plasma in the direction that will reduce the length of
the field lines.
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So the total magnetic force from Eq. 1.7 can be rewritten as:

⃑⃑ = −∇⊥ (
𝑱×𝑩

𝐵2

2𝜇0

)−

̂
𝐵2 𝑹
𝜇0 𝑹𝑐

(1.11)

where the first term is the magnetic pressure in the direction perpendicular to the magnetic
field, and the second term is the tension term which acts to straighten out the magnetic field
curvature. These two terms are not necessarily perpendicular to each other.
⃑⃑ force acting on
A force-free state is a special plasma state where there is no net 𝑱×𝑩
⃑⃑ needs to be zero. Combining this with Ampere’s
the plasma. For this condition to be true, 𝑱×𝑩
law (Eq. 1.5), it gives the force-free plasma equation:

⃑⃑ = 𝛼𝑩
⃑⃑
∇×𝑩

(1.12)

where 𝛼 is a spatially-depend scaler. An important note here is that Eq. 1.12 indicates that a
force-free plasma state must have a three-dimensional (3D) configuration. The curl of a two⃑⃑ produces perpendicular components which will be invalid for 𝑱×𝑩
⃑⃑ = 0. Details
dimensional 𝑩
of the force-free state are discussed in Section 1.3.

1.1.2 Ideal MHD theory
Assuming thermal equilibrium, Fokker-Planck theory shows that for a fully ionized
plasma, the resistivity is:8
1/2

η (Ω ∙ m) =

𝑍𝑒 2 𝑚𝑒

ln 𝛬

3𝜋3/2 𝜖02 (2𝑘𝐵 𝑇𝑒 )3/2

(1.13)

where Z is the ion charge state, 𝑚𝑒 is the electron mass, 𝜖0 is the vacuum electrical permittivity,
ln 𝛬 is the Coulomb logarithm (usually assumed ln 𝛬 ~ 10), 𝑘𝐵 is the Boltzmann constant, 𝑇𝑒
is the plasma temperature in eV, and e is the electron charge.
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This resistivity calculated from Eq. 1.13 is called Spitzer resistivity.6 Note that the
resistivity is independent of plasma density, but is ∝ 𝑇 −3/2 , which means that higher
temperature plasmas have lower resistivity.
A useful practical form for the plasma resistivity calculation is:9

η (Ω ∙ m) = 5.15×10−5

𝑍 ln 𝛬
3/2

T𝑒

(1.14)

For comparison, the resistivity of copper is 1.72  10-8 Ω ∙ m, for aluminum, it is 2.65
 10-8 Ω ∙ m and stainless steel is about 140  10-8 Ω ∙ m .10 For PBEX, the plasma has a
temperature of 10 eV and a resistivity of 163 10-8 Ω ∙ m, which is fractionally more resistive
than stainless steel.
Following the discussion above and taking η = 0 in Ohm’s law (Eq.1.3), the MHD
theory can be simplified to the ideal MHD theory where the plasma is treated as having zero
resistivity. Then the ideal MHD Ohm’s law can be written as:

⃑⃑ + 𝒗
⃑⃑ = 0
⃑ ×𝑩
𝑬

(1.15)

1.1.2.1 Magnetic flux frozen-in condition
One of the most important characteristic properties of the ideal MHD theory is that the
magnetic flux is “frozen” into the plasma’s moving frame. This means that for the ideal MHD
case, the moving plasma tends to drag the magnetic field lines along with it.
To see this, by substituting Ampere’s law (Eq.1.5) and the ideal MHD Ohm’s law (Eq.
1.15) into Faraday’s law (Eq. 1.4), the ideal MHD induction equation can be derived as:
⃑⃑
𝜕𝑩
𝜕𝑡

⃑⃑ )
⃑ ×𝑩
= ∇×(𝒗

8

(1.16)

Consider a surface ⃑𝑺(𝑡) moving together with the plasma. The total magnetic flux
through it is:

⃑ (𝒙
⃑ , 𝑡) ⋅ 𝑑⃑𝑺
𝜓(𝑡) = ∫⃑𝑺(𝑡) ⃑𝑩

(1.17)

where 𝑑⃑𝑺 is the elementary surface area vector perpendicular to the surface. The changing rate
of the magnetic flux is:
𝑑𝜓(𝑡)
𝑑𝑡

= lim (

⃑⃑ (𝒙
⃑⃑ (𝒙
⃑ ,𝑡+𝛿𝑡)⋅𝑑𝑺⃑ −∫𝑺⃑(𝑡)𝑩
⃑ ,𝑡)⋅𝑑𝑺⃑
∫𝑺⃑(𝑡+𝛿𝑡) 𝑩
𝛿𝑡

𝛿𝑡→0

⃑⃑ (𝒙
⃑ ,𝑡)+𝛿𝑡
∫𝑺⃑(𝑡+𝛿𝑡) (𝑩

= 𝑙𝑖𝑚 (

= lim (

⃑⃑ (𝒙
⃑ ,𝑡)
𝜕𝑩
⃑⃑ (𝒙
⃑ ,𝑡)⋅𝑑𝑺⃑
)⋅𝑑𝑺⃑ −∫𝑺⃑(𝑡) 𝑩
𝜕𝑡

𝛿𝑡

𝛿𝑡→0

⃑ (𝒙
⃑ (𝒙
⃑ ,𝑡)⋅𝑑⃑𝑺 −∫⃑𝑺(𝑡) ⃑𝑩
⃑ ,𝑡)⋅𝑑⃑𝑺
∫⃑𝑺(𝑡+𝛿𝑡) ⃑𝑩
𝛿𝑡

𝛿𝑡→0

)

) + ∫⃑𝑺(𝑡)

)

⃑⃑ (𝒙
⃑ ,𝑡)
𝜕𝑩
𝜕𝑡

⋅ 𝑑⃑𝑺 (1.18)

Eq.1.18 indicates that the total change of magnetic flux can be decomposed into: 1) the
integration of the surface area changing with the plasma movement (the first term), and 2) the
magnetic field changing in time (the second term). Details are given in Kulsrud 11 that the first
term can be written as:

lim (

⃑⃑ (𝒙
⃑⃑ (𝒙
⃑ ,𝑡)⋅𝑑𝑺⃑ −∫𝑺⃑(𝑡) 𝑩
⃑ ,𝑡)⋅𝑑𝑺⃑
∫𝑺⃑(𝑡+𝛿𝑡) 𝑩
𝛿𝑡

𝛿𝑡→0

⃑⃑ ) ⋅ 𝑑⃑
⃑ ×𝑩
) = −∫⃑𝑺 ∇×(𝒗
𝑺

(1.19)

Substituting the equation Eq.1.17 and Eq. 1.19 back into Eq. 1.18, will produce:
𝑑𝜓(𝑡)
𝑑𝑡

⃑⃑ (𝒙
⃑ ,𝑡)
𝜕𝑩

= ∫⃑𝑺 (

𝜕𝑡

⃑⃑ )) ⋅ 𝑑⃑ = 0
⃑ ×𝑩
− ∇×(𝒗
𝑺

(1.20)

Therefore, the magnetic flux is constant in the frame of the plasma and the magnetic
field lines are “frozen-in” the plasma. This property is employed to analyze spheromaks’
toroidal and poloidal magnetic flux convection shown in detail in Chapter 3.
9

1.1.2.2 Ideal MHD scaling independence
Another important property of ideal MHD theory is that the MHD equations can be
reduced to a dimensionless form to simplify and recover the physical systems’ characteristic
properties. Although the MHD equations (Eq. 1.1-Eq. 1.6) are all written with dimensional
variables, they can be dimensionless based on the chosen units of length, mass, and time.
First, one can define three nominal quantities: the system length, 𝑙0 , for length scale,
the plasma density, 𝜌0 , for mass scale, and the magnetic field, 𝐵0 , at some representative
position. Then Alfvén speed (𝑣A =

𝐵0
√𝜇0 𝜌0

) and the pressure term (𝑃0 =

𝐵02
𝜇0

= 𝜌0 𝑣𝐴2 ) can be

𝑙

determined. Finally, 𝑡0 , for time scale, is written as 𝑡0 ≡ 𝑣0 .12
A

After normalizing to these nominal quantities, the reduced MHD equations are:13
̃
𝜕𝜌
𝜕𝑡̃

̃ ∙ (𝜌̃𝒗
⃑̃) = 0
+∇

(1.21)

𝜌̃ (

⃑̃
𝜕𝒗
𝜕𝑡̃

(1.22)

⃑̃⃑
𝜕𝑩
𝜕𝑡̃

̃× (𝒗
⃑̃⃑ ) + 1 ∇
̃2 𝑩
⃑̃⃑
⃑̃×𝑩
=∇

̃𝒗
̃×𝑩
⃑̃⃑ ) ×𝑩
⃑̃⃑ − ∇
̃P
̃
⃑̃ ∙ ∇
⃑̃) = (∇
+𝒗

𝑆

(1.23)

where the tilde (~) indicates the normalized physical quantities or operations, and 𝑆 is the
Lundquist number, defined as 𝑆 ≡

𝑣A 𝑙0
𝜂

, where 𝑣A is the Alfvén speed, 𝑙0 is the system length,

and 𝜂 is the plasma resistivity. High Lundquist numbers indicate highly conducting plasmas,
while low Lundquist numbers indicate more resistive plasmas. Laboratory plasma experiments
typically have Lundquist numbers between 102 – 108, while for most astrophysical and space
plasma, the Lundquist number can be greater than 1020.14 The physical meaning for such large
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Lundquist numbers is that the magnetic diffusion is negligible compared to the magnetic
convection during plasma evolution. As a result, the last term of Eq. 1.23 can be dropped.
Therefore Eq. 1.21 – Eq. 1.23 reduce to a set of ideal MHD equations which still depend on
the normalized parameters but may be easily scaled to larger or smaller systems.
This dimension independence property of ideal MHD strongly suggests that a small
scale plasma system, like laboratory plasma, may be a useful tool to study the dynamics of
large scale plasma, i.e. astrophysical plasma, as long as the ideal MHD requirements are meet.
A detailed example will be discussed in Section 1.3.

1.2 Magnetic helicity, Taylor relaxation and applications
As discussed in Section 1.1.1, a force-free configuration is a plasma state that satisfies
⃑⃑ = 0 which means 𝑱 and ⃑𝑩
⃑ are parallel to each other. Eq. 1.12 can also be expressed as
𝑱×𝑩
⃑⃑ for a scale-depend 𝛼. A system’s total magnetic energy 𝑊 is defined as the integral of
𝑱 = 𝛼𝑩
the magnetic energy density over the system volume 𝑉:
𝐵2

𝑊=∫
𝑑𝑉
2𝜇

(1.24)

0

Magnetic energy is conserved in an ideal force-free plasma system. This property is also used
to analyze PBEX plasma performance.

1.2.1 Magnetic helicity and Taylor relaxation
Magnetic helicity, 𝜅, is an important concept of an MHD plasma and is defined as:
⃑⃑⃑ ∙ 𝑩
⃑⃑⃑ 𝑑𝑉
𝜅 = ∫𝑨

(1.22)

⃑⃑ is the vector potential, 𝑩
⃑⃑ is the associated magnetic field defined as 𝑩
⃑⃑ = ∇×𝑨
⃑⃑ , and
where 𝑨
the entire plasma volume V is the integration space.
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Magnetic helicity, 𝜅, is a topological measurement of number of linkages of magnetic
flux tubes with each other and number of twists of magnetic field. It turns out to be a conserved
quantity in ideal MHD theory as long as no magnetic field perpendicular to the surface, 𝑆,
enclosing the volume, 𝑉.15 It remains unchanged during any continuous deformation process
of the system even though the geometry has been changed.
Taylor relaxation is a process where a plasma configuration self-organizes and decays
into a minimum magnetic energy state (𝑊 → 𝑊𝑚𝑖𝑛 ) while conserving the magnetic helicity.
This is perhaps easy to predict, considering the “frozen-in” property, magnetic field lines must
be converted along with the plasma movement; as a result, the topological relations between
these lines must be preserved throughout the plasma evolution.
This consequent minimum energy state is the Taylor state which satisfies:16

⃑⃑ = 𝜆𝑩
⃑⃑
∇×𝑩

(1.23)

where λ is a spatial constant.17
Comparing Eq. 1.12 and Eq. 1.23, it is seen that the Taylor state is a special state
because not only is it a force-free state, but it is also the lowest energy state. λ is determined
by system specific parameters. For a given system, the final Taylor state is governed by the
system’s magnetic energy, magnetic helicity, and boundary conditions.

1.2.2 Spheromaks
A spheromak is a toroidally shaped plasma whose configuration is similar to a
cylindrically symmetric smoke ring, or a donut shape.18 A spheromak arranges its internal
current and associated magnetic field to satisfy Eq. 1.23, reaching the Taylor state which is
force free and has the lowest energy. Taking advantage of the geometrical symmetry, it is
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convenient in the practical analysis to decompose the global magnetic field into two
components: a toroidal magnetic field (which is in the  direction of a cylindrical coordinate)
and a poloidal magnetic field which combines the r and z directions in a cylindrical coordinate.

1.2.3 Astrophysical jets and radio lobes as Taylor relaxed states
Jets, and their corresponding outflow, have been observed over a wide range of
astrophysical systems spanning various length scales. For some young stellar objects (YSO),
the length is usually less than a light year.19, 20 On the other hand, in active galactic nuclei
(AGN), jets span millions of light years in length as estimated from observations.21
Although the mechanisms that power, launch, and collimate the jet structures are still
under debate, as well as the detailed magnetic geometry and interaction with the surrounding
media, there is general agreement that astrophysical jets share some elements in common: a
massive central body, an associated material disk surrounding it, and a nominally poloidal
magnetic field.22
Various physical models ranging from MHD to pure hydrodynamics23 have been
employed to explain the jet formation. In the region far away from the source, the pure
hydrodynamic theories may work well where the distance-decreased magnetic field is
negligible in this region. But for the near-source region, most of the modern theories propose
that the magnetic field plays an important role in the mechanism for jet formation and
propagation.24, 25 Furthermore several theories have proposed that jets are in the force-free state
and the relaxation process may be responsible for the jet formation.26, 27
In active galaxies, minimum energy estimates based on the observed radio emission
suggest that 10%, or more, of the total gravitational energy released by the collapse of a
supermassive black hole is deposited into lobe-scale magnetic fields and relativistic particles.
13

The underlying physical process inside the lobe is proposed as a magnetic self-organization by
driven relaxation.28 Comparisons between the radio lobes and laboratory spheromak have been
made to show some physical features in common.29, 30

1.3 Rayleigh-Taylor (RT) instability
The Rayleigh-Taylor (RT) instability is a well-known hydrodynamic instability,
occurring at the interface between two fluids of different densities when the heavier fluid is
pushing the lighter fluid.31 A simple graph illustration of the Rayleigh-Taylor instability is
given in Figure 1.3.

Figure 1.3. Sketch of RT instability.
The RT instability growth of a perturbation at the interface is exponential, and takes
place at the rate exp(𝛾𝑡) in which

𝛾 ≡ √𝐴𝑔𝑘
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(1.24)

where 𝛾 is the temporal growth rate, 𝑔 is the acceleration, 𝑘 is the spatial wavenumber of the
𝜌 −𝜌

perturbation on the interface, and 𝐴 is the Atwood number, defined as 𝐴 ≡ 𝜌𝐻+𝜌𝐿 in which 𝜌𝐻
𝐻

𝐿

is the density of heavier fluid and 𝜌𝐿 is the density of lighter fluid.
From Eq. 1.24, it is easy to predict that the RT instability prefers small scale
perturbations since the larger 𝑘 gives faster growth rate as shown in Figure 1.3. Later in time,
the RT instability develops to the well-known bubble and finger-like structures which further
experience Kevin-Helmholtz (KH) instability.31

1.3.1 RT instability in a magnetized plasma
The RT instability in a magnetized plasma was first investigated by Kruskal and
Schwarzschild in 1954.32 At the interface between the plasma (the heavy fluid) and vacuum
(the light fluid). In other word, the light fluid can be considered to be the vacuum magnetic
field with the Atwood number set to 1.33, 34 MHD theory shows that the growth rate of the twodimensional (2D) magnetic Rayleigh-Taylor instability is35, 36

⃑ −
𝛾 = 𝑎𝒌
2

⃑ ∙𝑩
⃑⃑ )2
(𝒌
𝜇0 𝜌𝑝𝑙𝑎𝑠𝑚𝑎

(1.25)

⃑ is the unperturbed magnetic field
where 𝛾 is the temporal growth rate, 𝑎 is the acceleration, ⃑𝑩
vector, ⃑𝒌 is the perturbation wave-vector, and 𝜌𝑝𝑙𝑎𝑠𝑚𝑎 is the plasma density.
⃑ actually acts to reduce
Mathematical analysis of Eq. 1.25 shows that the term of ⃑𝒌 ∙ ⃑𝑩
⃑ is not perpendicular to 𝑩
⃑⃑ , the magnetic
the growth rate. This means that for the case when 𝒌
⃑ ∥ ⃑𝑩
⃑ ), any
field tension force has a stabilizing effect. Furthermore, along the magnetic field (𝒌
perturbations with 𝑘 > 𝜇0 𝜌𝑝𝑙𝑎𝑠𝑚𝑎 𝑎⁄𝐵 2 are completely suppressed which is consistent with
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the magnetic field tension discussion in Section 1.1.1. On the other hand, for a perturbation
⃑ , the RT instability has the fastest growth rate since ⃑𝒌 ∙ ⃑𝑩
⃑ = 𝟎, and the magnetic RT
with ⃑𝒌 ⊥ ⃑𝑩
instability is reduced to the hydrodynamic case. From a physical perspective, this RT instability
property can be understood in this way: the fastest instability mode is the mode that does not
⃑ ∙
deform the magnetic field, but keeps the original magnetic field geometry. This property (𝒌
⃑𝑩
⃑ = 𝟎) will be employed in Chapter 4 to interpret experimental data of PBEX project.

1.3.2 RT instability in astrophysical observations

Figure 1.4. Top: The Crab Nebula shows the finger-like structures from RT instabilities as the
material expands outwards. Images credit: NASA, ESA, J.Hester and A. Loll. Bottom:
Observations showing the formation and temporal evolution of dark plumes in a quiescent
prominence observed on 2007 August 8 20:01 UT observed in the Hα line. The axes are labeled
in megameters. Images is taken from [37].
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RT instability structure is observed in the Crab Nebula shown in Figure 1.4 Top. The
expanding pulsar wind nebula powered by the Crab pulsar is sweeping up ejected material
from the supernova explosion.38 The RT instability has also recently been discovered in the
solar corona, when a relatively dense solar prominence overlies a less dense plasma bubble,39
as shown in Figure 1.4, Bottom. This latter case is a clear example of the MRT instability.35, 37

1.4 Laboratory astrophysics
Most astrophysical objects are usually remote and often static. It is difficult to make
direct measurements from long range observations. The dimensionless nature of ideal MHD
discussed in Section 1.1 suggests that the plasma dynamics on an astrophysics scale can be
studied with laboratory experiments if the dynamical scaling constraints are properly applied.

1.4.1 Scaling constraints
To see how closely the dimensionless parameters of the PBEX scale to those of a much
larger scale astrophysical system, a comparison is made between young stellar objects (YSO)
jets and those jets launched in PBEX:40

𝑙𝑎 = 𝑐1 𝑙𝑝 𝜌𝑎 = 𝑐2 𝜌𝑝 𝑃𝑎 = 𝑐3 𝑃𝑝

(1.26)

𝑐
𝑐
⃑⃑ 𝒂 = √𝑐3 𝑩
⃑⃑ 𝒑 𝒗
⃑ 𝒂 = √ 3𝒗
⃑ 𝒑 𝑡𝑎 = 𝑐1 √ 2 𝑡𝑝
𝑩
𝑐
𝑐
2

(1.27)
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The plasma parameters of the YSO jets41 and PBEX argon plasma are listed in Table
𝑙

1.1. Employing Eq.1.26, it gives the following scaling constraints: 𝑐1 = 𝑙 𝑌𝑆𝑂 =6.67×1015,
𝑃𝐵𝐸𝑋

𝜌

𝑃

𝑐2 = 𝜌 𝑌𝑆𝑂 =3.02×10-12, and 𝑐3 = 𝑃 𝑌𝑆𝑂 =6.25×10-12.
𝑃𝐵𝐸𝑋

𝑃𝐵𝐸𝑋
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⃑
𝐵

The actual ratio of the YSO and PBEX magnetic field is 𝐵⃑ 𝑌𝑆𝑂 = 2.5×10-6, equal to the
𝑃𝐵𝐸𝑋

⃑
𝑉

requirement √𝑐3 = 2.5×10-6 in Eq.1.27, and the actual ratio of velocity is 𝑉⃑ 𝑌𝑆𝑂 =8.57, which
𝑃𝐵𝐸𝑋

𝑐

is in the same order of the required √𝑐3 =1.44. These scaling constrains are satisfied very well,
2

indicating that astrophysical jet dynamics and laboratory jet evolution may have very similar
morphology, kinetic behaviors, and magnetic structure since they follow the same equations
and have similar scaling parameters.
Table 1.1. Plasma system parameters for YSO jet and PBEX jet.
Parameter

PBEX jet

YSO jet

𝒍 (m)

0.15

1015

V (km/s)

35

300

T (eV)

10

0.7

𝝆 (kg/m3)

6.63×10-6

2×10-17

P (Pa)

1.6×104

10-9

B (T)

0.2

5×10-7

Substituting the calculated values of 𝑐1 , 𝑐2 , and 𝑐3 into the third scaling relation in
Eq.1.27, one gains

𝑡𝑌𝑆𝑂
𝑡𝑃𝐵𝐸𝑋

𝑐

= 𝑐1 √𝑐2 = 4. 6 × 1015 which indicates that plasma dynamics that
3

occurs over the period of 10 𝜇s in the laboratory plasma jet correspond to thousands of years
of the YSO system evolution.
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This analysis strongly supports that laboratory experiments could reproduce
astrophysical processes during some segment of their time-evolution. Unlike astrophysical
observations, the physical conditions of the laboratory can be measured and controlled with
much greater confidence and more accurate. In addition, laboratory experiments can provide
both local measurements of key physical quantities simultaneously at numerous places and
global morphologies in comparison with the remote astrophysics observations. Such laboratory
experiments add a new dimension to the process of interpreting observational data, relating
them to the existing theories, and validating computer codes which are used to interpret and
predict astrophysical phenomena.42
In 2012, American Astronomical Society (AAS) established a new division. The
mission of the Division of Laboratory Astrophysics Division (LAD) is “to advance our
understanding of the Universe through the promotion of fundamental theoretical and
experimental research into the underlying processes that drive the Cosmos.”43 As a result,
laboratory astrophysics have come to an important branch in the astrophysical research.

1.4.2 Plasma gun experiments
During the last 10-20 years, laboratory plasma astrophysics has developed from the
state of a few distinct experiments to a broad area of research. Among all the experiments
carried out, plasma guns have been employed as a powerful tool to study the physics process
by producing dynamical astrophysical phenomena on a laboratory scale. The Caltech plasma
gun experiment from Dr. Paul Bellan group,44 and the Swarthmore College plasma gun
experiment (the Swarthmore Spheromak eXperiment SSX) from Dr. Michael Brown group,45
and the professor Sergey Lebedev’s conical wire arrays experiment46 at Imperial College are
the main well-developed research groups for this research field.
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For the Caltech Bellan group, a planar magnetized coaxial plasma gun is mounted at
one end of a 1.48 m diameter, 1.58 m long cylindrical vacuum chamber.29, 44, 47 The plasma
gun has a 19.1 cm diameter disk-shape cathode and a co-planar annulus-shape anode with an
inner diameter of 20.3 cm and an outer diameter of 51 cm. Diagnostic instruments used in
Caltech plasma gun experiment include a high-speed visible-light IMACON 200 camera, a 30
– 60 eV band extreme ultra-violet (EUV) optical system,48 a 12-channel spectroscopic
system,49 and a 20-channel three-dimension (3D) magnetic probe array. The sketch of the
facility and the diagnostics system is shown in Figure 1.5.41

Figure 1.5. An overview of Caltech plasma gun facility and diagnostics systems. Excerpted
from [39]
For the Swarthmore Brown group, two plasma guns are employed to launch spheromak
plasma in the opposite direction into the flux conserver. Each plasma gun is powered by a
capacitor which can store a 10 kV charge and release it with a 100 kA peak current to produce
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about gigawatts of power. A pair of ignitrons acts as high-speed, high-voltage switches. A
bundle of coaxial cables connects to the electrodes of the plasma gun. The sketch of the
experiment setup is shown in Figure 1.6. Diagnostics employed in SSX includes: 3D magnetic
probe array, ion Doppler spectrometer, Mach probe, 4-point Langmuir probe, vacuum ultraviolet (VUV) spectrometer, and soft x-ray detector (SXR).50

Figure 1.6. An overview of the Swarthmore Spheromak Experiment (SSX) facility. Excerpted
from [50].
Multiple research projects have been carried out by these two groups to investigate
Taylor relaxation process, various plasma instabilities, magnetic reconnection process, and
magnetohydrodynamic turbulence on spheromaks and jets generated by plasma guns.4, 44, 51
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Table 1.2. Plasma properties for Caltech experiment, PBEX, and SSX.
Parameter

Caltech jet

PBEX jet

SSX

𝒍 (m)

0.3

0.15

0.5

V (km/s)

15

35

25

T (eV)

1.5

10

20

𝒏𝒆 (m-3)

1022

1020

1019

B (T)

0.20

0.30

0.15

At the University of New Mexico (UNM), a coaxial plasma gun has been installed on
the linear plasma device, HelCat (Helicon-Cathode), for the PBEX project.52 The following
chapters will discuss the design, construction, diagnostics, and physical interpretation to the
performance of the coaxial plasma gun in detail. While for the PBEX project, the coaxial gun
builds upon the analysis techniques from these research groups above, it is both unique in its
construction and its operation, launching plasma into a magnetized plasma/magnetic field.
Some innovative research work has been done on the PBEX project which is discussed in
Chapter 4. The basic parameters of the plasma generated from these three groups are listed in
Table 1.2.

1.4.3 Plasma parameters in PBEX
A wide range of plasma parameters have been measured in PBEX using the following
diagnostic tools: Langmuir probe, ion Doppler spectrometer, 3D magnetic probe array,
electrostatic probe array, fast CCD camera etc. The plasma generated by the coaxial plasma
gun of PBEX may be characterized the parameters listed in Table 1.3 and Table 1.4. Note that
the ion charge state Z = 1 and the measured average velocity is 3.1 cm/μs.
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Table 1.3. Plasma parameter in PBEX jet.
Description

Symbol

Value

Units

Magnetic field strength

B

500

Gauss

Density

𝑛𝑒

1020

m-3

Temperature

𝑇𝑒

10

eV

Characteristic length

𝑙

25

cm

Electron gyro-radius

𝑟𝑒

0.0213

cm

Ion gyro radius (Argon)

𝑟𝑖

5.76

cm

Debye length

𝜆𝐷

2.34×10-6

m

Electron gyro frequency

𝜔𝑐𝑒

8.79×109

rad/sec

Ion gyro frequency

𝜔𝑐𝑖

1.2×105

rad/sec

Electron plasma frequency

𝜔𝑝𝑒

5.64×1011

rad/sec

Ion plasma frequency

𝜔𝑝𝑖

2.09×109

rad/sec

Electron-electron collision rate

𝑣𝑒𝑒

1.25×108

sec-1

Ion-ion collision rate

𝑣𝑖𝑖

1.63×105

sec-1

Electron thermal velocity

𝑉𝑇𝑒

132

cm/us

Ion thermal velocity

𝑉𝑇𝑖

0.49

cm/us

Ion sound velocity

𝐶𝑠

0.492

cm/us

Plasma skin depth

𝑐/𝜔𝑝𝑒

0.0531

cm

Ion inertial length

𝑐/𝜔𝑝𝑖

14.42

cm

Mach Number

M

6.3

Alfven velocity

𝑉𝐴

3.075
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cm/us

Table 1.4. Plasma parameter in PBEX jet Continued
Description

Symbol

Value

𝑀𝑀

≈1

𝛽

0.1612

𝑅𝑀

200

Magnetic Mach Number
Beta
Magnetic Reynolds

Units

1.5 Overview of this thesis
In Chapter 1, some brief introduction to plasma physics, MHD theory, Taylor
relaxation and Rayleigh-Taylor instability has been presented. A more detailed introduction
regarding specific topics will be given in Chapter 3 and Chapter 4. Also in Chapter 1, the
property of ideal MHD theory has been discussed to show that the ideal MHD equations can
reduce to be a dimensionless form, which make it possible to simulate astrophysical
phenomena in a laboratory experimental environment. Furthermore, as an example, the plasma
parameters of jets generated in the PBEX project, and YSO jets have been validated using the
scaling law. The results indicate that the similar physical process are occurring for both systems
even the scale differences are dramatic.
In Chapter 2, a detailed description of the coaxial plasma gun design, construction and
parameter validation will be presented. Also multiple diagnostics systems that are designed,
calibrated, and tested will be described. Those diagnostic systems to be described include:
Langmuir probe, multiple-tip electrostatic probe array, fast CCD camera, B-dot probe array,
Pearson coil and high voltage probe. Chapter 2 also works as a well-documented reference for
the prospective students of the PBEX project.
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In Chapter 3, the key parameter λ, which governs the performance of plasma guns, will
be discussed theoretically and calculated under different physical models. Then based on the
images obtained from the fast CCD camera, plasma performances will be classified into four
distinct regions as shown in Table 1.5. The practical λ value to distinguish these four regions
will be determined. For the focus of this dissertation, the emphasis will be on Region I and
Region II. For Region III, ion saturation current measurements will show the plasma
combination which agrees with the images obtained. The merging plasma phenomena occur
due to the underdamped ringing of the discharge current. Current construction of a crowbar
circuit aims to eliminate this discharged current ringing and isolate the dynamics to a single
ringing. Future work may look to investigate the interesting dynamics at play when these two
plasmas reach one another.
Table 1.5. Plasma formation regions
Region

Plasma formation

I

jet formation

II

spheromaks-like formation

III

merging plasma

IV

stuffing plasma

Following the plasma gun performance classification, a detailed physics analysis will
be carried out for the Region I case, in which plasma jet has been formed and launched into
the vacuum. MHD theory analysis along with a snowplow model shows the arrow-shaped jet
front head formation. Then the MHD Bernoulli equation will be discussed to show the relation
between the jet propagation velocity and the poloidal current. In addition, the global helical
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magnetic field structure will be determined from the magnetic field data, which is consistent
with simulation results and theoretical predictions. Furthermore, as shown in the images, the
plasma column undergoes the m=1 current-driven kink instability. The Kruskal-Shafranov
criterion will be examined from both the magnetic field data and the images.
Chapter 3 will discuss the Region II case. The properties of Spheromaks which are
formed and propagated into the main vacuum chamber will be characterized. A poloidal
magnetic field vector plot clearly shows a closed poloidal magnetic field which indicates that
a spheromak-like plasma has formed successfully with a closed magnetic flux surface. The
vector plot will also show a clear X-point, which illustrates the magnetic reconnection process
when the spheromak plasma detaches the gun muzzle. Additionally, the poloidal and toroidal
magnetic field data from a single shot will be fitted into a Bessel function to show the
spheromak formation. Simultaneously during the spheromak formation process, it will be
shown that the Taylor relaxation process converts the initial dominant toroidal magnetic flux
into poloidal flux with the total flux roughly conserved.
Furthermore, for the spheromak case, the spatial- and time-evolution of λ will be
calculated from poloidal current density and toroidal magnetic flux. The calculated λ radial
profile will show that λ is peaked near the magnetic axis and decreased monotonically away
from the axis. The result of the λ time-evolution calculation, in the center region of the main
chamber, shows the peak value is nearly a constant, indicating a force-free Taylor state
achieved.
Overall, Chapter 3 will summarize the coaxial plasma gun performance, and
characterize the magnetized plasma properties for both jet and spheromak propagating into the
vacuum. The analysis results will be shown to be consistent with the results reported by other
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research groups which validate the gun operation and performance as designed and
theoretically predicted.
In Chapter 4, launching a plasma jet and spheromak into background magnetized
plasma, or background magnetic field will be discussed in detail. First, the comparison of the
image data and magnetic field data will show that there is no distinct difference between these
cases. As a consequence, this chapter’s discussion will focus on the case of launching plasma
into background magnetic field. Second, for launching plasma jets into a background magnetic
field, a more stabilized plasma column with longer jet length will be observed in the image.
The kink instability growth rate will be reduced. The background magnetic field, which is
perpendicular to the jet propagation direction, will be shown to play an important role to impact
the evolution process of the plasma jet. Based on the “frozen-in” property of the ideal MHD
theory, the background magnetic fields are dragged by the plasma jet movement. At the same
time, the curved background magnetic field exerts a magnetic tension force on the plasma jet.
As a result, a radially sheared flow, 𝑉𝑧 , is formed. This result will be confirmed from two
methods: 1) the snow plow model is modified by adding the magnetic tension force term. The
simulation results will indicate axial sheared flow. 2) the radial profile of the jet’s axial
propagation velocity at different chamber locations will be measured and calculated, which
also exhibits an axial shear flow. Similar axial sheared flow has been reported in a Z-pinch
experiment.53 This mechanism as a candidate for jet stabilization will be proposed. By
linearizing the MHD equations along with the initial condition, a stability criterion will be
found for m=1 kink instability: it can be stabilized by the axial plasma flow with linear shear
𝑑𝑣𝑧
𝑑𝑟

> 0.1𝑘𝑉𝐴 , where 𝑘 is the axial wave number and 𝑉𝐴 is the Alfvén velocity. This

mechanism is thought to be at work in the PBEX case: an axial sheared flow caused by the
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tension force may be a candidate for the kink instability growth rate reduction. Finally,
launching a spheromak into a background magnetic field will be investigated. The poloidal
and toroidal magnetic field vector plots will show that immediately after the plasma leaves the
gun port, the spheromak-like self-closed magnetic field configuration does not hold any more.
Both poloidal and toroidal magnetic field point in single directions. Furthermore, based on the
image data, a magnetic Rayleigh-Taylor (MRT) instability develops perpendicularly to the
interface between the lateral side of the plasma leading edge and the background magnetic
field. This instability occurs when the background magnetic field is dragged by the plasma
movement. The MRT instability growth rate is measured from the images which is consistent
with theoretical calculations.
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Chapter 2 Coaxial Plasma Gun Experiment in HelCat
2.1 Introduction
A coaxial magnetized plasma gun was designed, installed, tested and operated in the
HelCat (Helicon-Cathode) linear plasma device at the University of New Mexico. Currently
the coaxial plasma gun is operating routinely for multiple plasma research projects related to
astrophysics and solar physics.
The first coaxial plasma gun experiment was performed six decades ago by Alfvén,
Lindberg, and Mitild,54, 55 where interesting features of magnetic helicity and flux amplification
were reported.56 More recent experiments have been carried out to examine plasma gun
behavior into a vacuum by a number of research groups.4, 5, 47, 57 Outside of a limited amount
of work, primarily aimed at tokamak refueling by plasma guns, little effort has been made to
study the interaction physics of the plasma generated by coaxial guns with other plasma
sources. The Plasma Bubble Expansion eXperiment (PBEX) project employs a compact
magnetized coaxial plasma gun which generates and injects plasma into a low density, low
temperature background plasma provided by HelCat to investigate the interaction physics.52
The coaxial plasma gun is designed to be as geometrically simple as possible: a copper disk,
employed as the inner electrode, is surrounded by a copper cylindrical annulus as the outer
electrode, as shown in Figure 2.1. A solenoidal magnetic field coil, providing the bias flux
(stuffing flux), is located outside of the cylindrical body. A large end-view window has been
installed in HelCat to provide the additional advantage that the entire plasma evolution process
can be observed topologically, as indicted in Figure 2.2. D. The various hardware components
of the coaxial gun are described in detail in Section 2.2.
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Figure 2.1. Side-view schematic of coaxial plasma gun, showing inner electrode, cylindrical
outer electrode, gas feed lines, and discharge current feeds. The gun is mounted on one side of
the vacuum chamber of HelCat.

2.2 Coaxial plasma gun apparatus
2.2.1 HelCat Linear Plasma Device
The HelCat Linear Plasma Device, shown in Figure 2.2, is an approximately 4 m long,
50 cm diameter cylindrical vacuum chamber in two 2-meter sections. Each section has multiple
10 inch conflat type ports, on one of which the coaxial plasma gun is mounted. The chamber
has a large rectangular window (20 cm  40 cm) at the end of the chamber (at the cathode
location) that provides a good view of the entire cross-section of the chamber.58 Vacuum is
maintained at ~ 510-7 Torr (6.010-5 Pa) by two 1000 L/min turbo molecular pumps, one at
the mid-chamber and the other at the end behind the cathode source, with independent valves
and backing systems. A roughing pump system (p ~ 0.667 Pa) is installed for multiple probe
diagnostic systems, along both sides of the linear vacuum chamber.
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Figure 2.2. A: Schematic top-view of HelCat Linear Device with coaxial plasma gun and endview window installed. B: A cross-section view of HelCat showing plasma gun port with a
double Langmuir probe installed at the opposite port. C: Schematic side-view of HelCat Linear
Device with water-cooled solenoidal magnetic coils.59 D: End window (20 cm  40 cm) with
full view of chamber cross section. E: A picture of the PBEX setup: the coaxial gun, the pulse
power systems, and the HelCat linear device.
Magnetic fields are produced by multiple solenoidal magnetic coils. There are thirteen
coils in total which are water-cooled as shown in Figure 2.2, C. The currents flowing through
these coils provides various background magnetic field conditions for the PBEX project.
Magnetic field ripple is measured to be < 1% along the chamber axis and ~ 3% at the plasma
edge near r = 20 cm.59 For PBEX project, steady and flare magnetic fields of B = 200 Gauss
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(G) and 500 G are produced in these experiments with DC currents of 46 A and 114 A
respectively.

Figure 2.3. Left: Helicon plasma produced by a helical antenna, using Argon as working gas.
Right: Typical ion saturation current, Isat, versus time at B=220 G at r= 3 cm.
The “background” argon plasma is provided by helicon source for the PBEX project.
For a helicon-sourced plasma, a helical antenna made of copper tube is installed outside of a
Pyrex tube (40 cm long and 15 cm diameter), which is mounted to the source end of the vacuum
chamber via a stainless steel end flange, indicated in the left of Figure 2.3. The helicon source
can be operated in both steady state mode and pulse mode with up to 5kW power provided to
the antenna network via a three-stage amplifier. For the PBEX project, the helicon source is
usually operated in pulsed mode at a frequency of 10.0 MHz with pulse lengths around 200
milliseconds (ms). The typical helicon plasma time behavior is depicted in the right-side of
Figure 2.3. Shown is the typical ion saturation current measurement from a double Langmuir
probe located 3 cm from the center of the plasma, where the initial peak is due to high RF
power at beginning for neutral gas break down. Considering the lifetime of the plasma
generated by the coaxial plasma gun is around 40 microseconds (μs), the 200 ms discharge
time is reasonably treated as “steady state”.
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Typical radial profiles of HelCat helicon Argon plasma density, n, are shown in Figure
2.4, with flared background magnetic fields of 200 G and 500 G respectively.60
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Figure 2.4. Radial profiles of plasma density, n, of Helicon argon plasma as the background
plasma source. Left: magnetic field 500 Gauss; Right: magnetic field 200 Gauss.

2.2.2 Coaxial magnetized plasma gun
The compact magnetized coaxial plasma gun is mounted on one 10 inch conflat port
where the location is shown in Figure 2.2, A. As indicated in Figure 2.1, the gun is cylindrical,
10 cm long, and 8.55 cm and 5.08 cm in outer and inner diameter respectively. The gun consists
of (1) an inner copper tube (0.009 cm wall) with a 2.54 cm diameter copper disk electrode at
the left-most end, (2) a cylindrical coaxial 5.08 cm diameter copper annular electrode, and (3)
a magnetic field coil that physically covers the whole cylindrical body of the gun. The
dimensional details are listed in Section 2.2.4, and shown in Figure 2.16.
A 1.27 cm wide annular vacuum gap separates the inner electrode copper disk and the
outer electrode cylindrical copper tube. There are four, 0.64 cm diameter gas puff feed lines
symmetrically located around the cylindrical body of the plasma gun to achieve a fast, and
localized, gas fill in the gap between inner and outer electrodes. Details of the gas injection are
given in Section 2.2.5.
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5.08 cm

8.55 cm

Ceramic insulation tube

CF flange

2.54 cm

10.16 cm

12.65 cm

Figure 2.5. Coaxial plasma gun drawing with dimensions.
The feed-through is mounted on a 3-3/8’’ CF flange. As shown in Figure 2.5, the inner
electrode extends 10.16 cm from the flange face on the air side, and 12.65 cm on the vacuum
side. The insulator of the inner electrode is an alumina ceramic tube, holding up to 12 kV
withstand voltage. The outer cylindrical electrode is mounted via stainless steel bolts directly
to the vacuum chamber inner surface, electrically connected to the chamber ground. The inner
electrode is connected to the main gun cap-bank via eight, parallel, double-layer, low
inductance (0.51 μH/m) coaxial cables (Belden YK-198), which carry electrical power from
the main capacitor bank to the gun electrodes with low line loss, as illustrated in Figure 2.6.

Figure 2.6. Eight double-layer coaxial cables connect the main cap-bank to the inner electrode.
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2.2.3 Main cap-bank power system and characterization
2.2.3.1 Main cap-bank power system design, construction and schematics
The coaxial plasma gun is powered by an ignitron-switched 120 µF capacitor bank
(cap-bank). The cap-bank consists of four capacitors (Aerovox/PXSOD53), each of which has
a capacity of 30 µF/10 kV, giving total capacitance of 120 µF. The DC power supply (Glassman
High Voltage Inc. /10YDC), provides up to 10 kV DC charge voltage with a negative polarity
and 30 mA charge current, and is employed to charge the cap-bank via a current-limited resistor.
The cap-bank can be operated from 4 kV up to 10 kV, providing a peak discharge current, Igun,
up to 100 kA.
The cap-bank power circuit schematic is shown in Figure 2.7, where SW1, SW2, and
SW3 are relay switches. R is a 120 Ω resistor to limit the charging current during the charging
process, and also functions as a dump resistor to discharge the remaining voltage on the capbank. The ignitron switch (Model No. GL-37207A) can handle a peak voltage of 25 kV, and a
peak current of 300 kA.61 A Pearson coil (5 mV/A sensitivity) is placed around the copper bar
which connects the ignitron switch to the double-layer coaxial cables, and is used to measure
the discharge current, Igun. A high voltage probe (Model No. Tektronix P6015A with attenuation
ratio 1000:1) is utilized to measure the real-time discharge voltage Vgun.
The cap-bank power system is operated as followings:
1) With SW1 and SW2 close and SW3 and the ignitron-switch open, the DC power supply
begins charging the main cap-bank through the current-limiting resistor, R.
2) When the capacitor bank voltage reaches the required value, SW1 and SW2 open to
isolate the DC power supply from the rest of the circuit for protection purposes. SW3
and the ignitron-switch remain open in step 2.
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3) The ignitron-switch then is closed by the trigger control signal. The capacitor bank
discharges through the gap between the electrodes of the coaxial plasma gun, ionizes
the neutral gas into plasma, and closes the current loop.
4) After the discharge process is completed, no discharge current flows, and the ignitronswitch goes to open status. SW3 closes to dump the remaining voltage on the cap-bank
through the resistor, R.

Pearson Coil

Ignitron switch

SW1

R

Trigger control
signal

SW3

DC

Cap-bank
Plasma Bubble

DC Power Supply

Coaxial Plasma Gun

SW2

Figure 2.7. Main cap-bank circuit schematic.

Figure 2.8. Left: Discharge current waveforms under different main cap-bank charging
voltages; Right: Linear relationship between charging voltage and peak currents.
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2.2.3.2 Main cap-bank discharge voltage and current characterization
The discharge current waveforms under different main cap-bank charge voltages have
been investigated, and the results are plotted in Figure 2.8, right. The linear relationship
between peak discharged current and charge voltage, Equation 2.1, has been characterized
based on the experimental data, as shown in Figure 2.8, left.

𝐼𝑔𝑢𝑛 (𝑘𝐴) = 9.43𝑉𝑔𝑢𝑛 (𝑘𝑉) + 0.98

(2. 1)

2.2.4 Solenoidal bias flux (stuffing flux) coil design and bias magnetic field
characterization
2.2.4.1 Bias flux solenoidal coil design and construction
A

C

B

Figure 2.9. A: Picture of the cylindrical body of the plasma gun before adding the solenoidal
bias coil; B: Partial side-view picture of the gun after bias coil installation; C: Top-view picture
of the gun after the bias coil is installed.
The external bias flux coil covers the main cylindrical body of the plasma gun. The coil
consists of 10 layers, 44 turns per layer (440 turns total), of 12 AWG insulated square magnet
wire, and has an inductance of 6.25 mH and resistance of 0.5 Ω (measured by LCR meter,
model HP 4263B).52 The coil magnet wire has Polyester A/I Topcoat insulation, which is rated
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for 200°C, and has a break-down voltage of 4 kV. A layer of fiberglass between the windings
and the cylinder was also added during fabrication by the manufacturer as detailed in Figure
2.9.

2.2.4.2 Power system for bias flux coil
The pulsed, bias magnetic flux is generated by an electrical pulse through the solenoidal
coil. A cap-bank array with a total of 60 mF is employed to produce the electrical pulse for the
coil. The power system schematic for charging the cap-bank array is shown in Figure 2.10,
where R1 is a 150 Ω current limiting resistor, R2 is a 250 Ω dump resistor, D1 and D2 are
power electronic diodes, SW is the dump relay, and C is the bias flux cap-bank. A SiliconControlled Rectifier (SCR), activated by the trigger control signal, is employed as the main
switch in the power system.
0 ~120V
AC Variac

0 ~480V
Transformer

R1

SCR

D1

120V AC Power

D2

C

SW

Bridge rectifier

Solenoid bias coil

R2

Trigger control signal

Figure 2.10. Circuit schematic of bias flux cap-bank power system.
The cap-bank array power system is operated as follows:
1) With SW and SCR open, AC power, via a bridge rectifier AC-DC converter, starts
charging the cap-bank array through the current-limited resistor, R1, and power diode,
D1.
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2) When the cap-bank array voltage reaches the pre-set value, the SCR is closed by the
trigger control signal. The cap-bank array discharges through the solenoidal bias coil
to generate an electrical pulse, consequently inducing a pulsed bias magnetic flux.
3) After the discharge process is completed, and no discharge current flows, the SCR
returns to open status. SW closes to dump the remaining voltage on the cap-bank array
through the resistor, R2.

2.2.4.3 Solenoidal bias flux coil inductance calculation
The formula employed in this chapter to calculate the inductance of this multi-layer
air core solenoidal coil is62:

L𝐵𝑖𝑎𝑠−𝑐𝑜𝑖𝑙 (H) =

k𝑁 μ0 μr πN2 𝐷2
4𝑙

×10−3

(2.2)

Where 𝜇0 is the permeability of free space (4 𝜋×10−7 𝐻𝑚−1 ); 𝜇𝑟 is the relative
permeability = 1; N is the total number of turns = 440; D is the average winding radius = 0.0675
m; 𝑙 is the coil length = 0.1016 m; and kN is Nagaoka coefficient, which is 0.74 since the ratio
D/L is 0.66 for this case.
Based on Eq.2.2, the calculated inductance LBias-coil is 6.34 mH, which is very close to
the measured value of 6.25 mH.

2.2.4.4 Pulsed discharge current calculation, simulation and measurement
Since the solenoidal coil inductance has been determined above, a simple RLC
theoretical model is set up to calculate the pulsed current flowing through the solenoidal bias
coil. The circuit model is shown in Figure 2.11, left.
When the switch closes at t=0, the following equations are used to determine the current
and voltage in the circuit:
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𝐿𝐶

𝑑 2 𝑉𝐶
𝑑𝑡 2

𝐼𝐿 = −𝐶

+ 𝑅𝐶

𝑑𝑉𝐶
𝑑𝑡

+ 𝑉𝐶 = 0

𝑑𝑉𝐶
𝑑𝑡

(2.3)
(2.4)

where 𝑉𝐶 is the initial voltage of capacitor bank and 𝐼𝐿 is the discharge current through the
solenoidal bias coil. Considering the components' value for this case, where C is 60 mF, R is
0.5 Ω, and L is 6.25 mH, a Matlab code is utilized to calculate waveforms of 𝐼𝐿 under different
voltages. The plots are shown in Figure 2.11, right.
Switch

t=0
Resistor R

Voltage Source

Cap-bank
array C

Bias Coil L

Figure 2.11. Left: RLC circuit model for discharge current calculation; Right: The calculated
discharge current waveforms under different charge voltages.
Also, the circuit simulation software, TopSpice, was employed to model this circuit.
The circuit schematic is shown in Figure 2.12, left, and the discharge current simulation results
are shown for different voltages in Figure 2.12, right. Based on the theoretical calculation,
TopSpice simulation, and experimental measurements discussed above, the comparisons of
these three results are plotted in Figure 2.13, right, for the case where the discharge voltage is
400 V. By comparison, the peak experimental currents, which determine the mount of bias flux
for the PBEX project, agrees well with the simulated values.
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Employing a probe and oscilloscope, the cap-bank array discharge currents were
measured under different charging voltages, and the results are shown in Figure 2.13, Left.
From the results, it is clear that at time t = 22.9 ms, discharge current reaches the peak value.
Details of the peak current values may be found in Table 2.1.

Figure 2.12. Left: TopSpice circuit schematic for simulation; Right: discharge current
simulation results under different voltages.

Figure 2.13. Left: discharge current measurements under different voltages; Right: the
discharge current results comparison of calculation, simulation and measurement for the 400V
charge voltage case.

2.2.4.5 Bias flux calculation, simulation and measurement
For the general case of a multi-layer solenoid, as per the specifications shown in Figure
2.14, the magnetic field along the axis is obtained based on Eq. 2.5:63
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2

𝐵𝑥 =

𝜇0 𝐼𝑁
2𝐿(𝑅−𝑟)

𝐿

[(𝑥 + 2) ln

√𝑅 2 +(𝑥+𝐿) +𝑅
2

2
√𝑟 2 +(𝑥+𝐿) +𝑟
2

2

𝐿

− (𝑥 − ) ln
2

√𝑅 2 +(𝑥−𝐿) +𝑅
2

2
√𝑟 2 +(𝑥−𝐿) +𝑟
2

] (2.5)

where μ0 is the permeability of free space (4𝜋×10−7 𝐻𝑚−1), I is the current in the wire (A),
N is the total number of turns of wire in the solenoid = 440, L is the length of the solenoid =
0.1016 m, R is the coil outer radius = 0.04395 m, and r is the coil inner radius = 0.02375 m.

L

R

B

r

y
0

x

Figure 2.14. Schematic for magnetic field calculation along the axis for solenoidal coil.
Based on the parameters listed above, the magnetic flux density inside the coil along
the axis for current values (280 A) is illustrated in Figure 2.15. According to the calculation
results, the magnetic flux density inside the solenoid bias coil at the center has the maximum
value 1.27 T. The magnetic field at both ends of the cylinder drops to 0.35 T and 0.52 T
respectively.
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Figure 2.15. Magnetic flux density calculation along axis for discharge current 280A.
Furthermore, simulation software FEMM (Finite Element Method Magnetics) was
employed to evaluate the theoretical calculation discussed above.64 The physical dimensions
of the cylinder have been measured and input into the simulation as the geometry condition.
The details of dimensions are listed in Figure 2.16.
Simulation results of contours of constant magnetic flux, and density strength are
plotted in Figure 2.17 for the I = 280 A case. The magnetic flux density contour both inside
and outside the solenoid coil is shown. The maximum magnetic flux density is located at the
center of the solenoid.
The magnetic flux density along the solenoidal coil axis was also calculated in FEMM,
which indicates that the magnetic field reaches the maximum value at the center inside the
cylinder and reduces with further distance from the center. To validate Equation 2.5, the
calculation results, and FEM analysis results are compared and illustrated in Fig 2.18, Left.
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19.65 mm

101.60 mm

9.51mm

20.20 mm

47.50 mm

50.80 mm

85.45 mm

69.92 mm

4.63 mm

Figure 2.16. Detailed geometry and dimensions of plasma gun cylinder.
Besides the theoretical calculation and FEMM simulation, experiments have been
carried out to measure the magnetic flux density along the coil axis. A DC power supply
(Agilent E3631A) was employed to provide a constant 5 A DC current through the solenoidal
coil. At the same time, a Gauss meter (Lakeshore 450) was utilized to measure the magnetic
field along the axis. The comparison of the measured valves and FEMM simulation results is
plotted in Figure 2.18, Right. As shown in Figure 2.18, the comparison yields good agreement
with the theoretical calculation, FEMM simulation analysis, and measurement results. For the
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PBEX experiment, the total length of the gun's body is 130.76 mm and the surface of the gun's
cathode disk is at - 50.80 mm positioned along the axis.

Figure 2.17. Simulation results for magnetic field contour plot and density magnitude for I=280
A case.
Based on the discussion in this section, the discharge voltage, along with the calculated
inductance, can determine the discharge current through the solenoidal bias coil. The magnetic
flux may then be determined by the discharge current. The details are listed in Table 2.1.
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Figure 2.18. Left: the comparisons of FEMM and theoretical calculation result from Equation
2.5. Right: the comparisons of FEMM and experimental measurements.
From Table 2.1, the relation between bias flux (stuffing flux), and discharge voltage
can be characterized as follows:

𝐵𝑖𝑎𝑠 (𝑚𝑊𝑏) = 6.1×10−3 𝑉𝐵𝑖𝑎𝑠 (𝑉) + 0.05

(2.6)

2.2.5 Gas injection and gas valve power system
A fast gas puff system is of importance for the plasma gun experiment since Paschen
breakdown, and efficient gas ionization, need a highly localized gas pressure, on the order of
100 mTorr.44 Otherwise, a slow gas fill in the gap may cause weakly ionized cold plasma,
which is inappropriate for this experiment. The fast gas valve, employed in the PBEX project,
provides a transient cloud of high pressure natural argon gas localized in the gap between the
inner and outer electrodes, the assembly of which is shown in Figure 2.19.65
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Table 2.1. Details of discharge voltage and magnetic flux at inner electrode position.
Discharge Voltage (V)
Peak Current (A)

50

100

150

200

250

300

350

400

71.04

143.24

210.01

283.20

352.08

412.59

481.63

531.67

0.3206

0.6465

0.9478

1.2781

1.5890

1.8621

2.1737

2.3995

0.5681

1.1456

1.6795

2.2648

2.8157

3.2997

3.8519

4.2520

0.1838

0.3706

0.5427

0.7319

0.9099

1.0675

1.2447

1.3756

0.3257

0.6567

0.9616

1.2969

1.6123

1.8916

2.2056

2.4376

at time t=22.9ms
Magnetic flux density
(T) (at center of coil)
Magnetic Flux (mWb)
(at center of coil)
Magnetic flux density
(T) (at -50.80 mm)
Magnetic Flux (mWb)
(at -50.80 mm)

The fast gas valve and the power system are operated as followings:
1) The pulse capacitor is charged to the pre-set voltage value via the power system.
2) The capacitor discharge, controlled by an SCR, is initiated to generate a current flowing
through the thin single-turn drive coil.
3) An image current is induced in the valve piston (an adjacent aluminum disk).
4) The disk is thus repelled from the drive coil, creating a transient opening for gas to flow
from the gas feed line to the annular vacuum gap between electrodes.
5) The combination of the metal spring and the high pressure gas in the gas feed line result
in a large restoring force on the piston to make the valve close again.
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Drive Coil

Figure 2.19. Schematic of the valve assembly: solenoidal driver coil, an aluminum disk
working as valve piston, and spring used to ensure a positive seal. Picture is taken from [66].
The power system circuit schematic is shown in Figure 2.20 Top. In this circuit, R is a
variable resistor with range 0 - 10 kΩ. D1, D2 and D3 are power electronic diodes. C is the
pulse capacitor with a capacitance of 50 μF/1kV. An SCR is utilized as the main switch, which
is controlled by the trigger control signal. A commercial, high DC voltage converter (UltroVolt
Inc. model number 2C24-P60) is employed to charge the pulse capacitor. The output voltage
can be varied from 0 V to 2055 V, depending on the input DC voltage. Discharge voltage
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waveforms through the drive coil were recorded for different charging voltages. The results

SCR

D1

C

High DC Voltage
Converter

D2

R

D3
Trigger control signal

Gas Valve

24V DC Power

are plotted in Figure 2.20, bottom.

Gas Valve Discharged Waveform

Figure 2.20. Top: Circuits schematic for gas valve pulse power system; Bottom: Voltage
waveforms of the gas valve drive coil under different charge voltage.
Calibration indicates that each pulse injects 1020 - 1021 argon molecules, 6.6 - 66.4 mg
in mass, into the gap depending on the operation voltage. Optimum timing of gas valve firing
was found experimentally by adjusting the valve firing time to minimize the delay between
main cap-bank trigger and gas breakdown.44 A typical operating voltage is 900 V for the gas
valve power system, and injects on the order of 1021 argon atoms.
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2.3 Diagnostics
Multiple plasma diagnostics were employed in the PBEX project to study the threedimensional (3D) dynamics of current-driven plasma jets, spheromak formation, and the
general interaction between the coaxial-gun-generated plasma and background plasma. The
images presented in this dissertation were taken with multiple-frame charge-coupled device
(CCD) cameras. Magnetic field data was acquired with a radial array of small commercial
inductor coils on a stainless steel shaft. Plasma density and temperature were measured with a
double-tip Langmuir probe. Furthermore, a Pearson coil and an attenuating high voltage probe
were utilized to measure the discharge current, Igun, and voltage, Vgun. The experiment was
controlled and triggered by a programmable sequencer. All the magnetic probe and gun
diagnostic signals were digitized on a multiple-channel data acquisition system. The details of
the diagnostics will be discussed in this section.

2.3.1 Fast CCD camera
Most of the images in this project were taken with a Hadland Ultra UHSi 12/24, as
shown in Figure 2.21. The specifications for this camera are as follows:67
1) 12 or 24 frames per shot with 10 μs nominal between frames 12 and 13
2) 1000  860 pixels per image
3) 12 bits per pixel
4) 5 ns minimum exposure time
5) framing rate up to 200M fps
6) gigabit Ethernet (1000Mb/sec - GigE) direct to PC
The camera was placed on a tripod and positioned in front of the end-observation
window as shown in Figure 2.2, D. The view of the camera is shown in Figure 2.2, B. The
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camera was triggered by a trigger control signal and the typical camera operation setting for
PBEX was: 12 frames with 1μs exposure time at framing rate 500k fps per plasma gun shot.
The images were recorded on by a PC via Ethernet and post-pulse analyzed by utilizing the
software IVV Imprint.68

Figure 2.21. Ultra High Speed Framing Camera: Hadland Ultra UHSi 12/24.

2.3.2 High voltage probe for discharge voltage measurement
An attenuating high-voltage probe, model No. P6015A (Ratio 1000:1), shown in Figure
2.22, was employed to measure the discharge voltage waveforms of the main cap-bank. The
probe is placed across the main cap-bank and connected to the oscilloscope channel with the 1
MΩ terminal setting.

Figure 2.22. High-voltage probe P6015A for discharge voltage measurements.
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Due to various plasma formations under different experimental settings, a wide range
of discharge voltage waveforms were exhibited. Figure 2.23 shows four different waveforms
under the same main cap-bank charge voltage but with different bias voltages: 0 V, 50 V, 120
V, and 187 V.

2.3.3 Pearson coil for discharge current measurement
A Pearson Coil (Model No. 1000), with an output ratio 5mV/A, was employed to
measure the main cap-bank discharge current, Igun. The coil was placed around the copper bar,
which is connected to the positive electrode of the main cap-bank and to the inner electrode of
the plasma gun, as indicated in Figure 2.24.
The output signal from the Pearson coil was recorded on an oscilloscope with a 1 mega
ohm (MΩ) impedance setting via three attenuators in series with a total attenuation factor
255=50. The calculated and modified calibration factor for Pearson coil measurement is:

Igun (kA) =10Vmeasure (V)

(2.7)

Typical operation with main cap-bank voltage of 8.0 kV yields a peak discharge current
of Igun ~ 76.5 kA, and gun voltage of Vgun ~ 1.0 kV, after the breakdown. Typical Igun and Vgun
traces are shown in Figure 2.25.
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Figure 2.23. Discharge voltage waveforms under different bias voltage settings 0 V, 52 V, 120
V, and 187 V.
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Ignitron-Switch

Main Cap-bank
Figure 2.24. Main cap-bank construction with Pearson coil placed to measure total Igun.

2
2

-2

0
Vgun (kV)

Vgun (kV)

0

-4

-2
-4
-6

-6

-8
-1

0

1

2

Time (s)

3

4

5

Igun (kA)

-8
0

10

20

30

40
50
Time (s)

60

70

80

0

10

20

30

40
50
Time (s)

60

70

80

60
40
20
0
-20
-40
-60
-80

Figure 2.25. Typical Igun and Vgun traces. Initial charge voltage is 8.0 kV. Breakdown occurs at
2 μs.
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2.3.4 Langmuir probe
Langmuir probes are small conductors with known surface area that are inserted into
the plasma for measuring plasma density, n, and the electron temperature, Te, by collecting
electrons, and ions, in situ.69 Langmuir probes were employed in the PBEX project for plasma
density and electron temperature measurement. Also, by placing probes at different spacial
positions in the vacuum chamber, the plasma propagation velocity has been estimated for
different experimental settings. The experimental set-up is shown in Figure 2.26.

Vacuum chamber
Plasma
Gun

Langmuir probe

R

Pearson Coil

DC
Battery

Plasma Gun Port

Double Probe

Double-tip Langmuir Probe Shaft

Oscilloscope
Figure 2.26. Double-tip Langmuir probe utilized for plasma density, electron temperature and
propagation velocity measurements.
In the experimental set-up, the key parameters of the Pearson coil (Model No.410) are:
sensitivity 0.1 V/A, output resistance 50 Ω, and maximum peak current 5000 A. The output of
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the Pearson coil was connected to the oscilloscope with 1 MΩ setting. R is a variable resister,
with a range from 1 Ω to 100 Ω, determined empirically to provide optimum results. A DC
battery array (Exell Battery 455, 45V70) was employed to provide the DC bias voltage for
measurement.
Typical ion saturation current, Isat, and main cap-bank discharged current waveforms
are exhibited in Figure 2.27.

Figure 2.27. Typical measured ion saturation current Isat waveform with main cap-bank
discharge current Igun waveform from a single shot.
Using a triple Langmuir probe, electron temperature can be measured using the
following equation71:

T𝑒 =

(V1 −V𝑓 )

(2.8)

ln2

And electron density can be calculated from:
Zi kT𝑒

Isat = 0.61ene A√

M
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→ 𝑛𝑒 =

Isat

𝑀

√
0.61𝑒𝐴 Z kT
i

(2.9)
𝑒

where e = electron charge, k = Boltzmann's constant, Te = electron temperature, V1 = positive
bias voltage, Vf = floating voltage, Isat = ion saturation current, Zi = ion charge state = 1, M
= ion mass, and A = probe surface area.
For the PBEX project, argon gas was employed as the working gas which has ion mass
M = 6.62  10-26 kg. The probe had an area of A = 0.082 cm2 (cylindrical probe tip with diameter
0.0508 cm and length 0.5 cm). The calculated electron temperature was 9.1eV and plasma
𝛾𝑘(Te +𝑇𝑖 )

electron density was 1.19 1020 m-3. From these, the ion sound speed (given by Cs =√

𝑀

)

was then calculated to be 0.803 cm/us (8.03 km/s).

2.3.5 Three-dimensional (3D) magnetic probe array
Magnetic probes (B-dot probes) are widely used as experimental diagnostics to provide
quantitative information about plasma sources, especially for transient events such as plasma
gun firing, laser plasma exploding, Z-pinch discharges, as well as many other nonlinear plasma
phenomena such as magnetic shocks, reconnection, relaxation, etc.72 Measuring the magnetic
field in these cases can be very challenging for the following reasons: 1) the B-dot probe needs
to have a sufficiently fast response time, faster than the event time scales; 2) it needs to have
good robustness, and strong noise resiliency since for many events the environment is
electromagnetically noisy; 3) it must be small enough that its presence does not greatly alter
the plasma formation and evolution it is trying to measure; and 4) it has to be sensitive enough
to pick up weak magnetic fields ( a few Gauss in many cases), while also worrying about point
#2. For a B-dot probe linear array, the uniformity, isolation, and alignment of each coil make
the array difficult to build.73
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The linear probe array presented here was designed for the PBEX project. Instead of
winding coils manually, commercial chip inductors were employed for their precise
dimensions, consistency, and ease of replacement. The linear magnetic probe array was placed
in front of the plasma gun, as shown in Figure 2.28, left. The recorded signals were then
analyzed to develop a complete 3D vector space plot. Contour maps of the magnetic field
evolution as plasma flowed past the probe array were also constructed, as indicated in Figure
2.28, right.

Figure 2.28. Magnetic probe (labeled B-dot probe) is placed in front of coaxial plasma gun
(Left). Plasma flow (false color) past B-dot probe array (Right).

2.3.5.1 B-dot probe design and construction
Thirty-three commercial chip inductors with 66 turns each (inductance = 8.2±5% μH)
were used (Coilcraft Inc. model 1008CS-822XJLB). The nominal dimensions of the chip
inductors are: 2.92 mm  2.79 mm  2.03 mm, as shown in Figure 2.29.74
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Figure 2.29. Chip inductor (1008CS-822XJLB) dimensions A: 2.92 mm, B: 2.79 mm, C: 2.03
mm, J = 5%, L= RoHS compliant silver-palladium-platinum-glass frit, B = In tape, but not
machine ready.
The thirty-three inductors were grouped into 11 clusters, glued to 11 notch channels of
a custom made Delrin probe holder, shown in Figure 2.30, Bottom. In each channel cell, three
chip inductors are held together to measure BdotX, BdotY, and BdotZ (Cartesian coordinates),
as indicated in Figure 2.30, Up. The spacing between each notch is 8.55 mm, thus the effective
probe length is 108.55 mm.
Pairs of twisted magnet wires (38 AWG) were utilized to eliminate magnetic pickup
noise, and soldered to the terminals of the inductors. Resistance of each individual wire strand
was 617.0-681.9 ohms/1000 ft at 20 C. Overall diameters of each strand ranged from 0.0042”
to 0.0047”. Each twisted pair of wires was through fed he stainless steel probe shaft, and
connected to a T-shape terminator’s panel, then via L00 (Lemo 00 compatible) to SMA female,
RG174 coaxial cable to 40MHz, 12-bit data analog digitizers system (Joerger Model TR). The
soldering of the wires was done manually.
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Stainless steel probe
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Figure 2.30. B-dot probe array design and single cluster configuration.
A razor was used to strip the insulation enamel from the wires. Kapton polyimide film
was wrapped around the chip inductors to prevent electrical contact with one another. A square
cross-section (5mm× 5mm) quartz glass tube was used as the probe housing. A 1/2-inch
diameter stainless steel shelf was used to provide mechanical support to the probe. The glass
housing was glued to the tube using J-B Weld, as indicated in Figure 2.30. Furthermore, another
3/4-inch diameter stainless steel tube was employed to cover the probe’s glass housing and to
prevent electrostatic pickup during the plasms gun’s operation, shown in Figure 2.31. The glass
housing also acts as an isolation between probe wires and the stainless-steel shield tube. Finally,
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another glass tube was placed over the stainless-steel tube to prevent electrical interaction with
the plasma.

Figure 2.31. Stainless steel tube installation to eliminate electrostatic pick up.

2.3.5.2 B-dot probe linear array calibration
A. B-dot probe calibration principle
Using Faraday’s law, the induced voltage in a closed circuit is equal to the time rate of
change of the magnetic flux through the circuit as shown in Equation 2.10:

𝑉=−

𝑑
𝑑𝑡

(2.10)

where V is the induced voltage, and  is the magnetic flux through the close circuit. The
magnetic flux is defined as the quantity of magnetism through a closed surface. For a plane
circuit, it depends on three main factors:75
1) The magnitude of the magnetic field (B)
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2) The closed loop area (A) of a single turn as well as the number of turns (N)
3) The orientation of the closed loop in the magnetic field (which is /2 in this case)
𝑑B

The induced voltage can be expressed in above variables as 𝑉 = −NA 𝑑𝑡 . For practical
purposes, the values of A and N can be combined into one factor, which is referred to as the
calibration constant, C, in this section. Then equation 2.10 can be rewritten as

𝑉=C

𝑑B
𝑑𝑡

(2.11)

Figure 2.32. Helmholtz coil and magnetic field. Picture is taken from[76].
To obtain C for the chip inductors, B-dot probe calibration is necessary. A common
calibration method is to create a magnetic field source, well-known in magnitude and
orientation to calibrate the B-dot probe output signals.77 The simplest way to generate a known
uniform magnetic field is using a Helmholtz coil because it is easy to build and has a relatively
uniform magnetic field near its center axis. It consists of two circular coils of the same radius
and number of turns which share a common axis. The distance between the two coils should
be equal to its radius as shown in Figure 2.32. When the same strength current flows in the
same direction in both coils, a uniform magnetic field is generated along the coil axis.
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B. Helmholtz coil calibration
From the discussion above, to generate a uniform magnetic field along the axis, a
current has to flow through the Helmholtz coil. The purpose of Helmholtz coil calibration is to
set up the relation between the magnitude of the induced magnetic field versus the current
flowing in the coil. The Helmholtz coil used for calibration with the dimension parameters are
shown in Figure 2.33. The key parameters are: Coil 1 (W1), 23 turns; Coil 2 (W2), 20 turns;
Diameter of the wire: 0.34 mm (AWG 28); Resistivity of Helmholtz coil is 2.95 Ohm and
inductance is 87.58 μH measured by an LCR meter (HP 4263B).
33.85 mm

7.00 mm
W2

50.50 mm

8.35 mm
W1

41.52 mm

Figure 2.33. Helmholtz coil configuration and dimension parameters.
Simulation software FEMM was employed to get basic information about the magnetic
distribution of the Helmholtz coil. Importing the Helmholtz coil parameters above into FEMM,
the simulation results for the magnetic field distribution of the Helmholtz coil, and the
magnitude of magnetic field along axis are shown in Figure 2.34. When the current, I, is 5A
DC, the center magnetic field is 30 Gauss. The relation can be obtained from the simulation
results using the formula below:

𝐵 (𝐺𝑎𝑢𝑠𝑠) = 6.0×𝐼(𝐴)
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(2.12)

Figure 2.34. Left: the magnetic field distribution; Right: the magnitude of magnetic field along
axis.
The schematic in Figure 2.35, Left, shows the Helmholtz coil calibration experimental
set-up. The DC power supply provided DC voltage from 1 V up to 25 V in 1 V increments
from which the current can be calculated based on Ohm’s law. The current-limited resistor, R,
is 25 Ω. A Gaussmeter (Lakeshore 455 DSP) was used to measure the magnitude of the induced
magnetic field along the axis. Furthermore, a linear fit function from Matlab was applied to
achieve the linear Eq.2.13 based on the measurements, as shown in Figure 2.35, Right. From
this equation, for any current flowing through the Helmholtz coil, the magnitude of the induced
magnetic field can be calculated.

𝐵(𝐺𝑎𝑢𝑠𝑠) = 4.81×𝐼(𝐴)

(2.13)

C. B-dot probe calibration
As mentioned in Section 2.3.6, the B-dot probe array was used as a diagnostic for the
PBEX project, in which the magnetic field oscillation frequency is typically on the order of a
few hundred kilohertz. To calibrate the B-dot probe array over the frequency range of the
experimental measurement, a DC to 1MHz magnetic field was generated by the Helmholtz
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coil. The experiment set up is shown in Figure 2.36. The function generator (8116A Hewlett
Packard) was utilized for frequency sweeps. VR, VTotal, and VMeasure are measured by an
oscilloscope (Tektronix TDS 644A) with 1 MΩ setting on all channels.

R

Helmholtz Coil
DC Power
Supply

Gaussmeter

Figure 2.35. Left: Helmholtz coil calibration schematic; Right: Calibration result of Helmholtz
coil.
From the circuit diagram, it is assumed that the current flowing through the Helmholtz
coils follows the relation: I=Imsin(ωt) where Im is the current magnitude and ω (2f) is the
angular frequency.
Oscilloscope Channel 1
Oscilloscope Channel 2
Oscilloscope Channel 3

VR

B-dot Probe Array

Vtotal

R

Helmholtz
Coils

Function
Generator

Figure 2.36. Helmholtz coil frequency sweep calibration experiment setup.
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Using Eq. 2.13, the magnetic field generated by the Helmholtz coil was calculated as:

B= 4.81Imsin(ωt) and |B|=4.81Im

(2.14)

Combining this with Eq.2.11 yields:

|𝑉𝑀𝑒𝑎𝑠𝑢𝑟𝑒 | = |𝐶

𝑑𝐵
𝑑𝑡

| = |4.81𝐶𝐼𝑚 𝜔cos(𝜔𝑡)| = 4.81𝐶𝐼𝑚 𝜔 (2.15)

For Im, considering the Helmholtz coil as an inductor,

𝐼𝑚 = |

𝑉𝐻𝐶
𝑍𝐻𝐶

|=|

𝑉𝐻𝐶
𝜔𝐿𝐻𝐶

|

(2.16)

From RL circuit analysis theory,
𝑉

2
|𝑉𝐻𝐶 | = √𝑉𝑇𝑜𝑡𝑎𝑙
− [ 𝑅 (𝑅 + 𝑅𝐻𝐶 )]
𝑅

2

(2.17)

Combining Eq. 2.15, 2.16 and 2.17, the equation of the calibration factor C can be
expressed as:

𝐶=

|𝑉𝑀𝑒𝑎𝑠𝑢𝑟𝑒 |𝐿𝐻𝐶
2

𝑉
2
4.81√𝑉𝑇𝑜𝑡𝑎𝑙
−[ 𝑅 (𝑅+𝑅𝐻𝐶 )]

(2.18)

𝑅

where VMeasure is the voltage measurement from B-dot probe (V), and VR, and VTotal are
indicated in Figure 2.36. As mentioned above, RHC is 2.95 Ω, and LHC is 87.58 μH. The
magnetic field, which is numerically integrated using the calibration factor C, has units of
Gauss.
Among all the 33 chip inductors, 4 chips (BX3, BY3, BY4 and BZ4) were chosen randomly
for the calibration process. The signal from the probes were recorded during the variation of
the Helmholtz coil currents’ magnitude and frequency:
1) For BX3, the calibration shows that the relation between the measured voltage signal
from the B-dot probe and the magnetic field is: 1V∝ 0.1152 Telsa = 1152 Gauss.
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2) For BY3, the calibration shows that the relation between the measured voltage signal
from the B-dot probe and the magnetic field is: 1V∝ 0.1337 Telsa = 1337 Gauss.
3) For BY4, the calibration shows that the relation between the measured voltage signal
from the B-dot probe and the magnetic field is: 1V∝ 0.1243 Telsa = 1243 Gauss.
4) For BZ4, the calibration shows that the relation between the measured voltage signal
from the B-dot probe and the magnetic field is: 1V∝ 0.1314 Telsa = 1314 Gauss.
The average value of the calibration constant was 1261.5 for the linear probe array.
This constant was used in the numerical integration of B-dot data.
D. Post-shot numerical integration
Magnetic probe data can be obtained at a variety of azimuthal positions. Compiling
data from multiple shots in order to develop a complete picture of the magnetic configuration
proved unfeasible due to shot-to-shot irreproducibility.4 Although shots with identical gun
parameters generate qualitatively similar magnetic field formations, characteristics such as
magnitudes and time offsets were often inconsistent. The signals from the thirty-three B-dot
inductor linear probe array were recorded for each shots using three analog digitizers for the
X component, Y component, and Z component respectively. The details are provided in
Section 2.3.7. The sampling rate for the raw data was 40 MHz (0.025 μs), and the integration
was performed numerically. The distinguishing advantage of employing fast, high bandwidth
digitizers was that they significantly reduce the numerical integration error by decreasing the
integration step size78. Also numerical integration requires no additional circuitry added to the
experimental set-up. The resulting magnetic field is then determined using Eq. 2.19:
𝑡

𝐵(𝑡) = 𝐶 ∫𝑡 2 𝑉𝑝 (𝑡)𝑑𝑡
1
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(2.19)

Numerical integration can be accomplished using various techniques. Note that
digitizers can add a small offset to the integration signals due to a rising or falling baseline.
The method that this dissertation utilized for calculating the offset was to collect an initial
sequence of data in the pre-trigger time window when the magnetic field was not present. The
average voltage of this interval was the offset, which can be subtracted from the raw data before
it is integrated.

Figure 2.37. Raw and integrated data signals of the B-dot probe position at R=2cm and 10cm
away from the gun port.
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Figure 2.37 shows an example of the raw B-dot data (dB/dt), and integrated signal, B,
at a distance of 10 cm from the plasma gun port, and a radius of 2cm from the gun axis. Using
the Single Shot Propagation Inference (SSPI) method introduced by Yee and Bellan,4, 66 it is
possible to obtain approximate information on magnetic topology from one single discharge.

2.3.6 Control trigger system and data acquisition system
2.3.6.1 Control trigger system
From the discussion above, several pulse power systems (bias coil, gas valve, and main
cap-bank for the coaxial gun) need to be triggered in a proper time sequence for the plasma
gun operation, as well for the data acquisition system to digitize and record the probe signals.
The digital delay generator (California Avionics Laboratories, INC. Model No. IO3CR) was
employed to provide the multiple trigger signals for the pulse power systems.

Trigger the bias coil

Trigger the gas valve

Trigger the main
cap-bank

t = 0 ms

Trigger the data
acquisition system
t = 23 ms
Time

t = 10 ms

Figure 2.38. Typical trigger signal time consequence, employing digit delay generator (Model
No. IO3CR).
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A typical trigger sequence is as follows: (1) the bias coil is fired at t = 0 ms, (2) the gas
valve is fired at t = 10 ms (experimentally decided, accommodating the neutral gas travel time
through the gas feed line into the plasma formation region), (3) the main cap-bank ignitronswitch is trigged at t = 23 ms (considering the 23 ms rising time of the bias coil power system
to reach the maximum bias flux as discussed in section 2.2.4) with gas breakdown typically
occurring 2 - 3 μs later. At the same time (t = 23 ms), the digitizer data acquisition system is
triggered, starting to record the probe data. The timeline is exhibited in Figure 2.38.

2.3.6.2 Data acquisition system

LeCroy
8007

Dataway

Dell
Laptop

Joerger
TR

Joerger
TR

Optical
pulse
isolator

Trigger
Control
Signal

B-dot probes
Langmuir probes
High voltage probe
Pearson coil etc.

USB
Joerger
TR
National
Instrument
GPIB-USB-HS

GPIB

LeCroy
8901A

Figure 2.39. Layout of PBXE diagnostic, triggering, and data acquisition systems. Digitizer
Model TR pictured at right bottom with B-dot probes connected to individual channels.
The data acquisition system is primarily made of three digitizers, which consist of 48
individual channels in total which makes it possible to record all thirty-three B-dot probe
signals from one single shot, and therefore, obtain a complete magnetic field picture. The
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digitizer is a Model TR from Joerger Enterprises, INC. Each analog digitizer has 16 individual
channels. Each channel has a sampling rate of 40 MHz, a 12-bit resolution, 100 kΩ input
impedance, 512 kB memory, and an input range of -5 V - 5 V with adjustable offset.
These digitizers communicate with a laptop computer through a CAMAC to GPIB
interface (LeCroy 8901A) and a GPIB to USB interface (National Instruments GPIB-USBHS), as shown in Figure 2.39. LeCroy 8901A provides the bidirectional GPIB (IEEE-488)
communication between the laptop and the digitizers. The laptop computer, via pre-installed
software (LabVIEW), can download, control, and setup commands to the digitizers, and upload
data and waveforms from them.
All three digitizers, and the LeCroy 8901A interface were housed and powered by
transportable mainframe (Model No. LeCroy 8007)79 via IEEE-583 Standard Instrument Slots.
All magnetic probe and gun diagnostic signals were digitized on this system.

2.4 Summary
This chapter focus was on the mechanical and electrical parts of the coaxial plasma gun.
Details have been given on the design, construction, calculations, simulation, and the
performance of the main cap-bank, the bias coil, the gas valve, and the diagnostics for PBEX
project. This chapter’s discussion has little relation to the plasma physics but the design details
it covers, hopefully, can serve as a reference for prospective students who will operate the
coaxial gun for the plasma physics research. As is discussed in Chapter 3 and 4, the geometry
of the gun, the main cap-bank discharge current, and the bias magnetic flux induced by the
bias coils are the key parameters to determine the gun’s performance, and the plasma formation
topology. Chapter 2 gives the detailed engineering design to show how these parameters are
chosen and calculated, which makes it easy and clear to convert the directly measurable
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parameters such as the main cap-bank discharge voltage, the bias discharge voltages, and the
natural gas pressure in the gas feedlines into the physical parameters of the gun such as the
current density, the azimuthal magnetic field strength, and the bias magnetic tension etc.
For experimental research, the hardware setup and diagnostics are the basis to make it
all happen. The hardware design, construction, validation, and layout are time-consuming and
sometimes “tricky” requiring experimental experiences and related knowledge.
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Chapter 3 Plasma Gun Operating Regimes Classification and
Performance Validation
3.1 Introduction
The coaxial plasma gun accelerates plasma into the main chamber through the Lorentz
2
⃑⃑ ), associated with the gun discharge current. This force is proportional to 𝐼𝑔𝑢𝑛
force (𝑱×𝑩
. On

the other hand, the bias magnetic field tension force, associated with the gun bias flux and
proportional to 2𝑏𝑖𝑎𝑠 , acts in opposition to the Lorentz force, trying to restrain the plasma from
exiting the gun muzzle. The competition between these two magnetic forces determines the
resulting plasma formation. If the magnetic tension of the bias field balances the magnetic
⃑⃑ force, a spheromak-like configuration is formed, separating from the gun
pressure of the 𝑱×𝑩
muzzle by an X-point in the magnetic field configuration. However, if the bias field is
⃑⃑ forces will launch a jet formation with a helical magnetic field
insufficient, the strong 𝑱×𝑩
structure. Conversely, if the bias magnetic field is sufficiently strong, the plasma cannot leave
the gun and remains “stuffed” in the gun, which is why the bias magnetic field may also be
referred to as the stuffing field or stuffing flux.
From this simple discussion, it is clear that there is a threshold ratio value of the gun
discharge current, 𝐼𝑔𝑢𝑛 , and the bias flux, 𝑏𝑖𝑎𝑠 , for determining the coaxial gun operation
𝐼𝑔𝑢𝑛

regions. Experimentally, a threshold operation value, 𝜆 ≡ 𝜇0 

𝑏𝑖𝑎𝑠

, has been reported.80 Using

this relationship, the coaxial plasma gun behavior can be described naturally: when 𝜆 is below
the threshold value, the plasma cannot detach; when 𝜆 is close to the threshold value, a
spheromak configuration is formed; and when 𝜆 is much bigger than the threshold value,
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corresponding to a strong 𝐼𝑔𝑢𝑛 and a low, or zero bias flux, 𝑏𝑖𝑎𝑠 , the plasma takes on a jet
configuration. Varies 𝜆 parameter regimes are explored in the following sections along with
detailed discussions of the plasma dynamics observed, as well as theoretical models when
possible.

3.1.1 Operation theoretical analysis
The simplest model assumes the toroidal magnetic field is 𝐵𝑡𝑜𝑟 ≅
poloidal magnetic field is 𝐵𝑝𝑜𝑙 ≅

𝑏𝑖𝑎𝑠
𝜋𝑟 2

𝜇0 𝐼𝑔𝑢𝑛
2𝜋𝑟

and the

. The threshold 𝜆 value from these parameters when the
2

magnetic pressure exceeds the magnetic tension is 𝜆 > 𝑟 (yielding 𝜆𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 84.21 𝑚−1 for
PBEX), where r is the characteristic radius of the system, such as the radius of the entrance
region (the outer electrode radius for PBEX case).4, 66
Based on an axisymmetric spheromak in an infinite cylindrical model, the threshold
value has been calculated as:81 1) for m = 1 symmetry, 𝜆 >

3.11
𝑟

(yielding 𝜆𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =

130.95 𝑚−1 for PBEX), where 3.11 is the first zero of the Bessel function 𝐽0 ; 2) for m = 0
symmetry, 𝜆 >

3.83
𝑟

(yielding 𝜆𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 161.26 𝑚−1 for PBEX), where 3.83 is the first zero

of the Bessel function 𝐽1 .
Also based on the gun’s specific physical geometry, a simple formation theory is
presented as follows:45 a thin radial current sheet is assumed to move freely axially through
the annulus between the anode and the cathode as shown in Figure 3.1. Force balance on the
⃑⃑ force.
current sheet requires that the magnetic tension of the magnetic flux be equal to the 𝑱×𝑩
Since the gun current produces the azimuthal magnetic field 𝐵𝜑 = 𝜇0 𝐼𝑔𝑢𝑛 /2𝜋𝑟 and 𝛽 ≪ 1, the
pressure on the back of the sheet can be expressed as:
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𝑃=

2
𝐵𝜑

2𝜇0

=

𝜇0 𝐼𝑔𝑢𝑛 2

(3.1)

8𝜋2 𝑟 2

⃑⃑ force can be derived by integrating this pressure over the annular region
Then the 𝑱×𝑩
from 𝑟𝑖𝑛𝑛𝑒𝑟 to 𝑟𝑔𝑢𝑛 as shown in Eq. 3.2:
𝑟

𝐹 = ∫𝑟 𝑔𝑢𝑛 𝑃𝑟𝑑𝑟𝑑𝜑 =
𝑖𝑛𝑛𝑒𝑟

𝜇0 𝐼𝑔𝑢𝑛 2
4𝜋

ln

𝑟𝑔𝑢𝑛

(3.2)

𝑟𝑖𝑛𝑛𝑒𝑟

Figure 3.1. Diagram for the simple theory model analysis.
The increase of energy then can be expressed as 𝛿𝑊 = 𝐹 ∙ 𝑑𝑙. Energy is also stored in
the magnetic field. The energy per unit volume in a region containing a magnetic field B is
𝐵2

𝑊 = 2𝜇 . It then can be shown that:
0

𝛿𝑊 =

𝐵2
2𝜇0

𝛿𝑣 =

𝐵2
2𝜇0

∙ 𝑆 ∙ 𝑑𝑙 =

𝐵2
2𝜇0

2
𝜋𝑟𝑖𝑛𝑛𝑒𝑟
𝑑𝑙

(3.3)
𝐼𝑔𝑢𝑛

Setting (3.2)∙ 𝑑𝑙 and (3.3) equal to one another and considering 𝜆 ≡ 𝜇0 
2
𝑏𝑖𝑎𝑠 = 𝐵𝑏𝑖𝑎𝑠 𝜋𝑟𝑖𝑛𝑛𝑒𝑟
, one will get:

75

𝑏𝑖𝑎𝑠

, and

𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝜇0

𝐼𝑔𝑢𝑛

𝑏𝑖𝑎𝑠

=

1

2

𝑟
𝑟𝑖𝑛𝑛𝑒𝑟 √(ln 𝑔𝑢𝑛 )

(3.4)

𝑟𝑖𝑛𝑛𝑒𝑟

Eq. (3.4) determines the threshold value, 𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , according to this simple theoretical
analysis. Considering the parameters (𝑟𝑖𝑛𝑛𝑒𝑟 =1.27 cm from Figure 2.5 and 𝑟𝑔𝑢𝑛 =2.38 cm from
Figure 2.16), the calculated threshold is 𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 140.51 m-1. For the PBEX project, the
measured 𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 value is 170.37 m-1, which is slightly greater than the calculated value of
the gun threshold discussed above. Barners et al.82 pointed out that for a coaxial plasma gun,
the radial cross section of the plasma flow tends to form a narrow “dynamic nozzle” which
accelerates the plasma flow to Alfvén speed. Considering the special compact cathode and
anode’s relative position in PBEX, this “nozzle” effect maybe the possible explanation for this
𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 difference.

Figure 3.2. Plot of 𝜆 as a function of main cap-bank discharge voltage (kV) and bias coil
discharge voltage (V).
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Based on Eq.2.1 and Eq. 2.6, plotting 𝜆 as a function of main cap-bank discharge
voltage (associated with 𝜇0 𝐼𝑔𝑢𝑛 ) and bias coil discharge voltage (associated with 𝑏𝑖𝑎𝑠 ), the
threshold will be a line of slope 𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , as shown in Figure 3.2, indicating the coaxial
plasma gun can operate at a wide range of 𝜆 with various plasma formations.
These physics models, discussed above, strongly suggest that the threshold value of 𝜆
relies heavily on the particular gun’s geometry, and can be determined only through a detailed
experimental survey.

3.2 Camera images and movies
Diagnostic techniques using fast CCD camera imaging have become a mainstay in
plasma physics research, and a very useful method for gaining spatial resolution of the plasma
topology at a given time. Compared with direct probe measurements, camera images avoid the
risk of perturbing the local plasma behavior since it is a passive measurement. Additionally,
the camera images provide wide direct global information of the plasma morphology, structure,
and properties. Thus, it is particularly simple but powerful tool for the PBEX project,
specifically for investigating plasma magnetic topology.
As discussed in Chapter 2, the end-chamber window provides a generous view for
camera access, allowing the coaxial gun generated plasma to be imaged as it launches from the
gun port. Time sequences of pictures demonstrate qualitatively distinct plasma behavior as the
coaxial plasma gun parameters per varied. Based on the images survey, plasma evolution and
dynamics have been classified into four regions which will be discussed in detail in this chapter.
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3.2.1 Region I: Jet plasma
In region I (as shown in Figure 3.4), there is no external bias magnetic flux applied
(bias coil discharge voltage = 0). A plasma jet with a narrow front head is formed, and launched
into the vacuum chamber purely by the main cap-bank discharge current, 𝐼𝑔𝑢𝑛 . In this region,
indicated in Figure 3.4, a distinct narrow front head is formed at t = 16 us, followed by the jet
body which starts to be kink unstable at t = 24 us. A detailed discussion of plasma
characteristics and performance of this region is presented in Section 3.3.

3.2.2 Region II: Spheromaks-like plasma
In region II (as shown in Figure 3.5), a certain amount of external bias magnetic flux
has been applied. At t ~13 μs, the plasma initially forms, and begins to leave the gun port
following the bias magnetic field lines as indicating in Figure 3.3. At approximately t ~20 μs,
plasma detaches from the gun port with a spheromak-like shape, propagating across the
vacuum chamber. The leading edge (left-side) is especially bright with filamentary structures.
More detailed measurements are presented in Section 3.4 to show the evidence that in region
II, a spheromak-like plasma is generated by the co-axial gun.

Figure 3.3. Region II initial plasma follows the bias magnetic field line: 𝐼𝑔𝑢𝑛 =76.42 kA and
𝑏𝑖𝑎𝑠 =0.365 mWb. (Shot No. 018042314).
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Figure 3.4. Side view image sequence for Region I with gun parameters: 𝐼𝑔𝑢𝑛 =81.14 kA and
𝑏𝑖𝑎𝑠 =0 mWb. (Shot No. 013042314).
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Figure 3.5. Side view image sequences for Region II with gun parameters: 𝐼𝑔𝑢𝑛 =76.42 kA and
𝑏𝑖𝑎𝑠 =0.365 mWb. (Shot No. 018042314).

3.2.3 Region III: Merging plasma
In this region (as shown in Figure 3.7), in sharp contrast with the other regimes, the
plasma exhibits unique and interesting features of two stages. At the first stage (corresponding
to 𝐼𝑔𝑢𝑛 first half-cycle), the plasma formation is similar to region II except the expansion rate
is slower due to the increased magnetic tension force caused by the bias magnetic flux. Starting
at around 43us, for the second stage (corresponding to 𝐼𝑔𝑢𝑛 second half-cycle), a second
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plasma emerges at the gun port, propagates into vacuum chamber at the Alfvén speed, catches
the first plasma, and they merge together. This feature is illustrated by the serial images taken
from t = 41 μs to t = 61 μs in Figure 3.7.
At the same time, the Langmuir probe measurements also exhibit the plasma merge
feature for this region as shown in Figure 3.6. It clearly demonstrates that two 𝐼𝑆𝑎𝑡 signals start
to merge at the distance z = 25 cm.

Figure 3.6. 𝐼𝑆𝑎𝑡 density measurements at different locations along the chamber cross-section
to show the plasma merge feature for Region III.
This feature appears due to the interaction between the two discharge half-cycle of 𝐼𝑔𝑢𝑛 .
A crowbar circuit is under construction now (July,2016) to eliminate the second half-cycle.
While this feature is rich with interesting physics for further investigation, it is not within the
scope of this dissertation.
81

Figure 3.7. Side view image sequences for Region III with gun parameters: 𝐼𝑔𝑢𝑛 =75.48 kA and
𝑏𝑖𝑎𝑠 =0.802 mWb. (Shot No. 005042514).

3.2.4 Region IV: Stuffing plasma
In Region IV, plasma propagates very slowly from the gun port, barely leaves, then
decays away in a short distance in the vacuum chamber, as depicted in Figure 3.8. The plasma
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is confined successfully by the strong bias magnetic field flux, 𝑏𝑖𝑎𝑠 , also called “stuffed” in
this region.

Figure 3.8. Side view image sequences for Region IV with gun parameters: 𝐼𝑔𝑢𝑛 =76.42 kA and
𝑏𝑖𝑎𝑠 =2.185 mWb. (Shot No. 062042314).

3.2.5 Propagation rate survey
Due to different bias magnetic field tension forces for these four regions, it is easy to
predict that these cases can be distinguished by their propagation velocity. The sequences of
images from Figure 3.4, Figure 3.5, Figure 3.7, and Figure 3.8 are used to estimate the
propagation speed for these four regions. The data is plotted in Figure 3.9 with linear fits
applied.
As Figure 3.9 indicates, the linear fit plots show that the propagation speed varies with
bias magnetic flux, from 0.5 cm/us of Region IV to 3.6 cm/us of Region I. These results agree
with the physics expected i.e., plasma motion is heavily restricted by magnetic tension forces
provided by the applied bias magnetic field. Two key notes need to be addressed here: 1) for
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all four regions, after the plasma leaves the gun port, it propagates at a roughly constant
velocity which is easy to predict in the vacuum case. 2) for Region III, the velocity is estimated
from the image data before the second plasma catches the first one.

Figure 3.9. Plasma propagation velocity of the four regions, obtained from the sequences
images data taken from CCD camera.

3.2.6 Plasma gun operation survey with 𝝀𝒈𝒖𝒏 values
As discussed above, the key parameter, which governs the plasma gun’s performance
𝐼𝑔𝑢𝑛

and generated-plasma formation, is 𝜆𝑔𝑢𝑛 = 𝜇0 

𝑏𝑖𝑎𝑠

, the ratio of the plasma gun discharged

current to the bias magnetic flux. The images exhibited in this section directly show how the
gun-generated-plasma formation is affected by the 𝜆𝑔𝑢𝑛 settings. Numerous experiments have
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been carried out, employing the high speed camera, to survey plasma formations associated
with sweeping the gun current, 𝐼𝑔𝑢𝑛 , and the bias magnetic flux, 𝑏𝑖𝑎𝑠 , settings. The results
are shown in Figure 3.10 with boundaries 𝜆𝑔𝑢𝑛 values imposed. Each point stands for a series
of 12 images obtained at a certain combined setting of 𝐼𝑔𝑢𝑛 and 𝑏𝑖𝑎𝑠 .

Figure 3.10. Region classification survey from 𝐼𝑔𝑢𝑛 and 𝑏𝑖𝑎𝑠 setting scans. Boundary 𝜆𝑔𝑢𝑛
values are indicated respectively as 65 m-1, 170 m-1, and 420 m-1.

3.3 Regime I: plasma jet formation and propagation into vacuum
MHD plasma jets exist in various systems in a wide range of physical dimensions, from
laboratory experimental jets to astrophysical objects. In astrophysics, energetic, highly
collimated, and relativistic jets are usually observed from active galactic nuclei (AGNs)-scale
jets to stellar-scale jets. Figure 3.11 shows some typical examples: M87 AGN, radio galaxy
3C31 (NGC 383), and HH47 proto-stellar jet, respectively. Highly polarized synchrotron
radiation is observed from both AGN jets and stellar jets. This suggests that jets have a strongly
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organized magnetic field, which plays a crucial role in generating, collimating, accelerating,
and propagating both AGN jets and stellar jets. The C31 jet and several other AGNs jets reveal
a global m =1 kink-like instability,83 shown in Figure 3.11 Pic B, implying a strong current
along the jet propagation direction (defined as the z axis), or equivalently, a strong toroidal
magnetic field around the jet. All these facts suggest the existence of a z-pinch-like mechanism,
squeezing the plasma jet against the pressure gradient at the jet center region.

A Galaxy M87

B Radio galaxy 3C31

C Jet from Young Star HH-47

Figure 3.11. A: Radio image of the galaxy M87, taken with the Very Large Array (VLA) radio
telescope.84 Credit: National Radio Astronomy Observatory/National Science Foundation. B:
False color image of radio galaxy 3C31 and its jet in 1.4 GHz radial band by VLA.85 Credit: R.
A. Laing, A. H. Bridle et al., NRAO. C: The view of a three trillion mile-long jet called HH47.86 Credit: J. Morse/STScI, and NASA/ESA.
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Although observation, model analysis, and numerical simulation are all necessary
approaches to investigate astrophysical jets, there is a natural limitation to these methods as
discussed in Chapter 1. The laboratory experiments can fill the research gap of investigating
the key physical processes in nonlinear systems, especially when the magnetic field is evolved.
Caltech 29, 47, 87 has employed pulse power facilities, as shown in Chapter 1, to experimentally
simulate these astrophysical jets. The experimental results provide a clear guide and strong
motivation to analyze the PBEX data. In this section, the plasma jet’s initial acceleration, jethead velocity property, global helical magnetic field structure, and m=1 kink instability will be
discussed in details. In this section, no bias flux is applied, or, equivalently, there is no initial
external poloidal magnetic field.

3.3.1 Initial stage of plasma jet formation
To characterize a particular coaxial plasma gun, the initial stage heavily depends on the
physical design parameters, such as: the capacitor bank characteristics, inner and outer
electrodes radius ratio, electrode topological geometry, working gas employed, whether the
gun is operated with bias flux (staffing flux) or not, etc88.
A cylindrical system is utilized for analysis, illustrated in Figure 3.12. The origin is at
the center of cathode, and the 𝑧 axis is the plasma gun axis along the plasma flow direction, 𝜑
is the azimuthal direction about the axis, and 𝑟 is the distance from the axis. At the same time,
the 𝜑 direction is the toroidal direction and 𝑟, 𝑧 directions are called poloidal direction. Flux
coordinates will be used in this chapter when necessary.
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Figure 3.12. Discharge current (𝐽𝑟 and 𝐽𝑧 ) and azimuthal magnetic field configuration (𝐵𝜑 )
with a cylindrical coordinate applied during initial stage (Step 1).
In the initial stage, the ignitron-switched main cap-bank applies a large voltage (5.5 kV
- 9.0 kV) across the electrode gap. Due to the nature of the ignitron, this happens very quickly.
According to Paschen breakdown criteria,89 the high voltage breaks down the neutral argon
gas, ionizes the gas into a plasma, and subsequently drives a current through the resulting
plasma, creating an initial azimuthal magnetic field (𝐵𝜑 ) as shown in Figure 3.12. The initial
current and magnetic field geometry can be viewed from another aspect: Figure 3.13 exhibits
the simulation results of the initial stage, from which it is easy to get the topological distribution
of the radial current 𝐽𝑟 and the azimuthal magnetic field 𝐵𝜑 .
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Figure 3.13. Radial discharge current filaments (grey color) connecting inner and outer
electrodes. The dominant magnetic field is toroidal (colored) and global Lorenz force (J×B) is
along z axis. Picture is taken from [90].
⃑⃑ =
Now we consider the plasma dynamics, namely the Lorentz force: 𝐹 ≡ 𝑱×𝑩
(𝐽𝑟 + 𝐽𝑧 )×𝐵 = 𝐽𝑟 ×𝐵 + 𝐽𝑧 ×𝐵 = 𝐽𝑟 𝐵 𝑧̂ + 𝐽𝑧 𝐵 (−𝑟̂ ) . The force can be decomposed into z
and r components as follows:

𝐹𝑧 = 𝐽𝑟 𝐵 𝑧̂ and 𝐹𝑟 = −𝐽𝑧 𝐵 𝑟̂

(3.5)

The minus sign of 𝐹𝑟 means the direction is radially towards the center, which is the
pinch force. The z component is the force that produces the axial expansion of the plasma.
Applying Ampere’s law, the toroidal magnetic field 𝐵 can be obtained as below:

𝐵 (𝑟) =

𝜇0 𝐽𝑧
2𝜋𝑟


̂

where 𝐽𝑧 is the discharge current density in the z direction, and r is the radius.
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(3.6)
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Figure 3.14. Current elongates along z-axis due to Lorentz force (𝐽𝑟 ×𝐵 ) force (Step 2).
Substituting (3.6) into (3.5), the radial and azimuthal force components can be
expressed as:

𝐹𝑧 =

𝜇0 𝐽𝑧 𝐽𝑟
2𝜋𝑟

𝑧̂ and 𝐹𝑟 = −

𝜇0 𝐽𝑧 𝐽𝑧
2𝜋𝑟

𝑟̂

(3.7)

In the initial stage when 𝐽𝑟 ≫ 𝐽𝑧 , an axial symmetric current sheet is formed, mostly
in the r direction, as shown in Figure 3.12 and Figure 3.13. As a result, the force applied to the
plasma along the axial direction is much stronger compared to the pinch force, so that the
plasma gets elongated and accelerated in the axial direction. From Eq. 3.7, it is clear that the
1

Lorentz force falls radially as 𝑟 . Thus a differential axial acceleration of the plasma, and a radial
spread of plasma velocity are predicted, as depicted in Figure 3.14.

3.3.2 Acceleration stage: snow plow model
For the PBEX project, the current rise time (tens of microseconds) is longer than the
typical Alfvén time (several microseconds) of the system. The Alfvén wave propagation effects
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can therefore be neglected. The discharge current thus can be treated as in an analog circuit
without radiation effects and retarded time.91

Outer Electrode
Plasma Element
dr

Vz
r

Inner Electrode
Axis
Z

Figure 3.15. Illustration of a plasma element in the current sheet from the snow plow model.
A simple snow plow model has been set up,92 as shown in Figure 3.15. The zcomponent of the Lorentz force, 𝐹𝑧 , acts uniformly on a thin disk of plasma coincident with
the current sheet. As the sheet moves forward in the axial direction, it sweeps the pre-exiting
natural argon gas, adds to itself all of the gas mass over the cylindrical electrodes region, and
leaves vacuum behind it.
Assuming the discharge current is 𝐼 = 𝐼0 sin(𝜔𝑡), where 𝐼0 is the amplitude of the first
half period, the plasma jet is accelerated and propagates into the vacuum chamber. Since
𝐿𝑐𝑖𝑟𝑐𝑢𝑖𝑡 ≫ 𝐿𝑔𝑢𝑛 , and

𝑑𝐿𝑔𝑢𝑛
𝑑𝑧

is very small, it is reasonable to assume 𝜔 as a constant for the

theoretical model calculation.
Under these conditions, the momentum equation from MHD theory becomes:

𝐹𝑧 = 𝐽𝑟 ×𝐵 =

2
𝐵𝜑

2𝜇0

=

𝑑𝑉𝑧

91

𝑑𝑡

𝑧

∫0 𝜌1 𝑑𝑧 + 𝜌1 𝑉𝑧2

(3.8)

where 𝐵 is the toroidal magnetic field immediately behind the current sheet, 𝜇0 is the vacuum
permeability, 𝑉𝑧 is the current sheet velocity along axial direction, z is the axial position, and
𝜌1 is the neutral argon gas mass ahead of the current sheet.
Considering the total mass 𝑑(𝜌1 𝑉𝑧 ) = 2𝜋𝑟𝑧𝑛𝑒 𝑑𝑟𝑑𝑉𝑧 , from the snow plow model,
where 𝑛𝑒 is plasma density, using (3.6) and (3.8), the following relation can be derived:
𝑑

𝑑(𝑧 2 )

(
𝑑𝑡

2𝑑𝑡

)=

𝜇0 𝐼02 sin2 𝜔𝑡

(3.9)

4𝜋2 𝑟 2 𝑛𝑒

Eq. 3.9 is then solved by integrating on both sides twice over t, using the mathematic
1 𝜔𝑡

integration of ∫ sin2 (𝜔𝑡) = 𝜔 ( 2 −

sin(2𝜔𝑡)
4

)=

𝜔𝑡−sin(𝜔𝑡)cos(𝜔𝑡)
2𝜔

. The solution for z is then

obtained:

𝑧=√

𝜇0 𝐼02
8𝜋2 𝑟 2 𝑛𝑒 𝜔2

(𝜔 2 𝑡 2 − sin2 (𝜔𝑡))

(3.10)

The plasma front surface evolution with time is plotted in Figure 3.16 top, which shows
the plasma is elongated due to the 𝐽𝑟 ×𝐵 force, and a distinct conical jet head is formed due to
the radial spread of the axial Lorentz force. After the jet head leaves the gun muzzle, it keeps
the conical shape and propagates with a roughly constant radial velocity profile in the main
vacuum chamber.
Note with respect to Eq. 3.10: this analysis only considers the 𝐽𝑟 ×𝐵 force along the z
direction. Plasma rotation is neglected, and no electron, or ion, temperature gradient is included.
Electrode material ablation and plasma-wall interaction are neglected as well. The plasma
front-head surface plot is in very good agreement with experimental data which is shown in
Figure 3.16 Bottom.
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Plasma gun muzzle

Propogation direction
Figure 3.16. Top: snow plow model simulation of plasma acceleration at the initial stage due
to 𝐽𝑟 ×𝐵 force; Bottom: Fast camera images (false color) of argon plasma jet propagating
across the vacuum chamber with a distinct jet head (Shot No. 013042314, 8.50kV main capbank voltage without bias voltage).
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Figure 3.17. Collimated plasma jet formation (Step 3).
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With the plasma length increasing along the z axis, as discussed above, the 𝐽𝑧
component increases as well, continuously applying a non-uniform radial pinch force to the
plasma. The pinch force squeezes the plasma in the central region (small r), and elongates the
plasma axially even further to form a collimated and straight jet, as shown in Figure 3.17.

3.3.3 Plasma jet velocity characterization
Section 3.3.1 and section 3.3.2 have discussed the process of plasma jet initialization,
propagation, and collimation in detail using MHD analysis. Based on the above discussion,
Spruit has categorized the magnetized plasma jet acceleration process into three distinct
2
𝐵𝜑

regions: input power region, magnetic energy ( 𝜇 ) dominant region, and kinetic energy (𝑛𝑒 𝑉𝑧2 )
0

dominant region.93
For PBEX jets, in the near-electrode region, with the increase of discharge current, the
induced azimuthal magnetic field, 𝐵 , increases, and the magnetic energy dominates.
Subsequently the Lorentz force (𝐽×𝐵) starts to accelerate the plasma along the z-axis, resulting
in an increase of jet propagation velocity. This mechanism converts magnetic energy into
kinetic energy. At the jet head location, the poloidal current (𝐽𝑧 ) turns back, and forms a closed
current loop. This results in a dramatic decrease in the total + z poloidal current due to the
cancelation of the forward and return currents, and causes the kinetic energy to dominate in
the jet head region.
According to the discussion above, and assuming the magnetic pressure balances the
plasma thermal pressure, Kumar and Bellan have proposed a simple axisymmetric model to
investigate the plasma jet dynamic flow along the axial direction.87 The model set up a
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Bernoulli-like relation between the toroidal magnetic energy, and the kinetic energy of plasma
jet.
𝜕
𝜕𝑧

[𝑛𝑒 𝑣𝑧2 +

2
𝐵𝜑,𝑎

𝜇0

(1 −

𝑟2
2𝑎2

)] = 0

(3.11)

where 𝑎 is the plasma jet radius, 𝑛𝑒 is plasma density, and 𝐵,𝑎 is the toroidal field at the jet
𝜇 𝐼

0
boundary (𝐵𝜑,𝑎 = 2𝜋𝑎
).

Evaluating Eq. 3.11 at 𝑟 = 0, gives a Bernoulli-like equation:

𝑛𝑒 𝑣𝑧2

+

2
𝐵𝜑,𝑎

𝜇0

= 𝑛𝑒 𝑣𝑧2 +

𝜇0 𝐼 2
4𝜋2 𝑎2

= 𝐶𝑜𝑛𝑠𝑡.

(3.12)

Furthermore, evaluating Eq. 3.12 at the jet base (z ~ 0), the z-axial velocity is
approximately zero and the magnetic energy,
𝐵𝜑,𝑎

2
𝐵𝜑,𝑎

𝜇0

, dominates. At the plasma jet head where

0, the kinetic energy dominates. This is consistent with the theory analysis above.

Evaluating equation 3.12 at the jet head yields:94

𝑣𝑧 |𝑗𝑒𝑡 ℎ𝑒𝑎𝑑 ≅

𝐼

𝜇

𝐼

0
√ ∝ √𝑛
2𝜋𝑎 𝑛
𝑒

(3.13)
𝑒

Eq. 3.13 clearly shows that the axial velocity of the MHD driven plasma jet is linearly
related to the discharge current, 𝐼, and inversely related to the square root of the jet density, 𝑛𝑒 .
This relation has been discussed, and analyzed, by other research groups.87, 95-98
This jet property has also been investigated in the PBEX project. Two methods have
been employed to measure the spatial jet-head velocity across the main vacuum chamber. One
method uses a series of image data, with known time interval, to estimate the propagation
velocity by measuring the plasma jet head’s spatial position. The other method employs a
double-tip Langmuir probe at different space positions in the vacuum chamber as shown in
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Figure 3.18, Top. A group of typical ion saturation current traces from Langmuir probe
measurements at different space locations is shown in Figure 3.18, Bottom. The sharp rise time
Distance

makes it possible to estimate the average velocity of the plasma as 𝑉𝑗𝑒𝑡 = Time of delay

Figure 3.18. Top: a double-tip Langmuir probe placing at 7 different spatial positions in the
vacuum chamber for plasma density measurement and propagation speed estimation. Bottom:
typical ion saturation current signals at different spatial locations to estimate the average
plasma jet propagation velocity.
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Figure 3.19. Plasma jet velocity as a function of discharged current peak.
PBEX experimental results are shown in Figure 3.19. The red dots are calculated from
CCD camera image data, and the black squares are from Langmuir probe signals at various
spatial positions in the main vacuum chamber. The error bars are determined from the standard
deviation. The error bars for Langmuir probe data are larger due to some experimental factors:
Langmuir probe droop off axis, shot-to-shot variations, etc.
At the same time, substituting the experimentally measured results (𝑛𝑒 = 4×1020 𝑚−3,
𝑎 ~ 2.5 𝑐𝑚, 𝐼𝑧 ~ 55 − 85 𝑘𝐴 ) into Eq. 3.13, the calculated result is also plotted in Figure 3.19,
which is consistent with the measured results.
From an unstrict qualitative analysis, Eq. 3.13 can be interpreted as follows: assuming
the total injected toroidal magnetic field energy works on the plasma and accelerates the plasma
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jet into the main vacuum chamber, and considering the conservation of total energy, it can be
shown that 𝐵𝜑2 ~ 𝑛𝑒 𝑣𝑧2 . Hence 𝑣𝑧 ~

𝐵𝜑
√𝑛𝑒

~

𝐼𝑧 96, 97
.
√𝑛𝑒

3.3.4 Global magnetic field configuration
With the development of the plasma jet, considering the “frozen-in” property of ideal
MHD theory, the initial dominant toroidal magnetic field (𝐵𝜑 ) is “frozen-in”, dragged by the
plasma jet, and converted into poloidal magnetic field (𝐵𝑧 and 𝐵𝑟 ). Consequently, the global
magnetic field (the composition of 𝐵𝜑 , 𝐵𝑧 and 𝐵𝑟 )will show a helical-like spatial structure.
Figure 3.20 indicates the global helical magnetic configuration with the projected shadow plots
at both poloidal and toroidal planes. The illustrated poloidal and toroidal magnetic field
structures from Figure 3.20 are easy and straightforward to understand, but are also a powerful
tool to validate the measured magnetic field data.
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Figure 3.20. Illustration of helical magnetic configuration for plasma jet.
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Typical magnetic field vector data, along with magnetic field streamline plots (data
from Shot No.011073015) in the poloidal and toroidal planes, are shown in Figure 3.21. It is
clear that the plots at both poloidal and toroidal planes are consistent with the illustrations from
Figure 3.20. This is strong evidence that there is a global helical magnetic field configuration
associated with the plasma jet propagation. Note that for the data plotted in Figure 3.21, the Bdot probe array is placed in the main vacuum chamber at the position which is 10 cm away
from the gun port, as shown in Figure 2.28. For this particular shot (Shot No.011073015), the
B-dot probe has detected both upstream and downstream magnetic field signals shown in both
planes. The reason for this is because the jet is experiencing a radial variation simultaneously
with its axial propagation. This radial variation is possibly caused by the m = 1 kink instability
which will be discussed in the next section.
The helical magnetic field configuration has been identified in astrophysical jets from
observational evidence of polarized synchrotron Faraday rotation across the jets,99 and from
theoretical model simulations.100 The similar helical magnetic field structure identified in
PBEX project supports the possibility of employing laboratory experiments to simulate the
astrophysical phenomena.
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Figure 3.21. Top: magnetic field vector and streamline plots in the toroidal plane. Bottom:
magnetic field vector and streamline plots in the poloidal plane.
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3.3.5 Current-driven (CD) m = 1 kink instability
Consider an initially homogeneous cylindrical plasma column (radius a), as shown in
Figure 3.22. Consider, also, an induced radial perturbation, which causes the field lines to be
𝐵 2

curved. Inside the kinked plasma column, the magnetic pressure, ( 2𝜇𝜑 ), becomes stronger, while
0

outside of the kinked plasma column, magnetic pressure becomes weaker. As a result, the initial
perturbation grows along the radial direction and the plasma jet body undergoes instability.

Bφ weaker

a

BZ

IZ
Bφ stronger
L
Figure 3.22. Kink instability m=1 mode.

3.3.5.1 Kruskal-Shafranov condition
Kruskal and Shafranov apply the ideal MHD equations to a cylindrical plasma column
with a helical magnetic field configuration (𝐵𝜑 and 𝐵𝑧 ). Assuming only a skin current exists,
without going through too much detail, the solution of the linearized MHD equations, with
appropriate boundary conditions, leads to the following dispersion relation:
2

𝜌𝜔 = −

2
𝐵𝜑,𝑎

𝜇0 𝑎 2

+

𝑘𝑧2 𝐵𝑧2
𝜇0

+

[𝑘𝑧 𝐵𝑧 +(𝑚⁄𝑎)𝐵𝜑,𝑎 ]2
𝜇0

where 𝜌 is the plasma density, 𝑘𝑧 is the axial wave number, and 𝑘𝑧 𝑎 = 𝑚.
It can be shown that only a perturbation with m = 1 can be unstable. Therefore:
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(3.14)

2

𝜔 =(

2𝑘𝑧2 𝐵𝑧2
𝜇0 𝜌

)(1 +

𝐵𝜑,𝑎
𝑘𝑧 𝑎𝐵𝑧

)

(3.15)

In addition, the plasma boundary is unstable for 𝑘𝑧 < 0 and |𝑘𝑧 𝑎| < 𝐵𝜑,𝑎 ⁄𝐵𝑧 . Then the
minimum perturbation wavelength can be defined as:

𝜆𝑧 = 2𝜋𝑎

𝐵𝑧
𝐵𝜑𝑎

(3.16)

In practice, the wavelength is usually limited by the plasma column length, 𝑙. In
accordance with Eq. 3.16, the instability criterion, which is also called the Kruskal-Shafranov
criterion, is:

𝑞(𝑎) ≡

2𝜋𝑎𝐵𝑧
𝑙𝐵𝜑

(3.17)

where 𝑎 and 𝑙 are the radius and length of the plasma column, respectively. 𝑞(𝑎) is the safety
factor taken from the concept in Tokamaks. When 𝑞(𝑎) drops below the 𝑞(𝑎)=1 threshold,
current-driven kink instabilities can develop in the plasma column.
Considering 𝐵𝜑 (𝑎) =

𝜇0 𝐼𝑧
2𝜋𝑎

, Eq. 3.17 can be rewritten as:

𝐼𝑧 =

(2𝜋𝑎)2 𝐵𝑧
𝜇0 𝐿

(3.18)

where 𝐼𝑧 is the plasma current. Equivalently to 𝑞(𝑎) < 1, when the plasma current exceeds the
(2𝜋𝑎)2 𝐵𝑧

condition (

𝜇0 𝐿

), a linearly unstable helical kink is obtained.101

3.3.5.2 Kink instability of plasma jet
For certain discharge currents in the PBEX experiment, a collimated jet forms along
the z direction. Due to imperfect laboratory conditions, the plasma obtains enough nonaxisymmetric initial perturbations that cause the plasma to develop a helical instability with
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toroidal mode number, m = 1, as shown in Figure 3.23. This observed kink instability has been
verified to be consistent with the ideal MHD kink instability discussed above by two
independent experimental measurements described below.

Figure 3.23. Plasma jet in which the central column becomes helical and a kink instability
grows (Shot No. 001050714). 2.0 μs interframe time.
First, based on Eq. 3.17, the consistency with the Kruskal-Shafranov criterion is
checked with the direct magnetic probe measurements from a single shot. For a given 𝑎 and 𝐿,
radial profiles of 𝐵𝑍 and 𝐵𝜑 yield safety factor |𝑞| profiles as a function of time, as shown in
Figure 3.24. These profiles indicate that the current-driven kink instability starts to develop at
a certain time. Initially |𝑞| is greater than 1 because 𝑙 is small. Then, with the increase of 𝑙,
according Eq. 3.17, |𝑞| starts to drop in the central region of the plasma jet. When |𝑞| drops
below 1, the helical kink instability is observed, which is consistent with a current-driven MHD
kink.
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Figure 3.24. Radial profile of safety factor q (Shot No.001050714). Kink instability has
developed when |𝑞| near axis drops below unity.
Secondly, we can use the PBEX experimental parameters to re-express the KruskalShafranov criterion. Although 𝐵𝑍 is not actually constant as a function of radius, 𝑔𝑢𝑛 can be
approximately written as 𝑔𝑢𝑛 ≈ 𝜋𝑎2 𝐵𝑍 (𝑎). Also if we assume that the entire discharge
current, 𝐼𝑧 , is flowing through the jet body column in the radius, 𝑎, then 𝐵𝜑 (𝑎) =

𝜇0 𝐼𝑧
2𝜋𝑎

. The

Kruskal-Shafranov criterion for kink instability (Eq. 3.17) can be re-expressed as:29

𝜆𝑔𝑢𝑛 =

104

𝜇0 𝐼𝑧
𝑔𝑢𝑛

>

4𝜋
𝑙

(3.19)

Figure 3.25. Plot of 𝜆𝑔𝑢𝑛 versus plasma jet column length 𝑙. The stability boundary is in the
good agreement with Kruskal-Shafranov criterion.
Thus, the experimentally observed kink instability can be compared to the KruskalShafranov condition by knowing 𝜆𝑔𝑢𝑛 and 𝑙 for a particular shot in which a plasma column
forms and a kink develops. Figure 3.25 shows the experimental results to compare with Eq.
3.19. The data points are taken from different shots, (No. 013042314, No. 043050714, No.
044050714, No. 012050914, No. 013050914 and No. 022050914 respectively), and different
time-point within these shots (before and after kink instability occurs). The plot shows
consistency with the Kruskal-Shafranov criterion for MHD kink instability.
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Figure 3.26. Multiple position toroidal magnetic field vector with streamline plots to indicate
the kink instability.
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Last but not least, magnetic data analysis similar to that in Section 3.3.4 has been
carried out to validate the kink instability. Toroidal magnetic field vector plots with streamline
at multiple axial positions are shown in Figure 3.26. From the plot, it is straightforward to see
the underlying kink instability of the plasma jet column. Note that the toroidal magnetic field
vector plots at multiple positions are taken from different shots. Some shot-to-shot variations
exists, but this plot still carries some information about the global magnetic field configuration
and indicates the existence of a kink instability.

3.3.5.3 Relevance to astrophysical jets and solar physics
High resolution very-long-baseline interferometry (VLBI) observations show that
many AGNs, and quasar jets, display wiggles, or kinks, on sub-parsec to parsec scales.102, 103
Based on both theoretical analyses and observational phenomena, MHD instabilities have long
been suggested as a possible mechanism for the observed wiggled, or kinked, structures.
Furthermore, coronal mass ejections104 (CMEs) in our solar systems have been linked to
various heliospheric structures including eruptive prominences,105 magnetic clouds, and
ejections from coronal arcades.106 The twisted magnetic flux ropes model is a popular one to
describe these structures’ magnetic topology. Multiple observations,107 theoretical
calculations,108 and numerical analyses109 have suggested that the kink instability may lead to
the eruption of coronal magnetic flux ropes.
Due to observational limitations, detailed magnetic field information in these crucial
areas is still lacking. Laboratory experiments provide in situ measurements to contribute to
better understandings of astrophysical jets, and solar-relevant kink phenomena.
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3.4 Regime II: spheromak-like plasma bubble formation and
characterization
3.4.1 Introduction
As discussed in Section 3.1, operating the plasma gun with 𝜆 > 𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , a
spheromak-like plasma is formed. The steady state is characterized by:

∇𝑃 = 𝐽×𝐵

(3.20)

This expression (the general form of the Grad Shafranov Equation) shows the force
balance between magnetic force and the kinetic pressure gradient. For the coaxial plasma gun
case, 𝛽~0.1, so that ∇𝑃 ≈ 0 in Eq. 3.20 and the equilibrium equation reduces to:

∇×𝐵 = 𝜆𝐵

(3.21)

Eq. 3.21 simply states the force free state, which means the Lorentz force, 𝐽×𝐵, term
vanishes in the MHD equation of motion. This property of plasma’s tendency to be in a forcefree equilibrium state agrees very well with astrophysical observations.4

3.4.1.1 Taylor relaxation theoretical analysis
Taylor expanding on the results above, suggests that magnetic reconnection processes
may be the dominant mechanism of converting magnetic energy while the magnetic helicity is
preserved.110 The converted magnetic energy naturally approaches the minimum energy state,
which is referred to as the Taylor state. This process of magnetic energy decaying through
magnetic reconnection into the Taylor state is referred to as the Taylor relaxation process. The
biggest advantage of the Taylor approach is that there is no required knowledge about the
plasma’s initial condition to fully determine its final state. In the laboratory plasma, a Taylor
state configuration is called a spheromak, which is discussed in detail in this section.
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Figure 3.27. Spheromak poloidal flux surface structure.
Taking the curl of Eq. 3.21 gives the vector Helmholtz equation:

⃑⃑ + 𝜆2 𝑩
⃑⃑ = 0
∇2 𝑩

(3.22)

From Eq. 3.22, it is clearly shown that 𝜆 is an eigenvalue solution and 𝜆−1 is related to
the characteristic dimensions of the system.69 Assuming 𝜆 is a constant (which constrains a
force free state), the equations’ general solutions for cylindrical coordinates are listed below:45

B𝑟 = 𝐵0

𝑘𝑧
𝐽 (𝑘 𝑟)cos(𝑘𝑧 𝑧)
𝑘𝑟 1 𝑟

B𝜑 = 𝐵0

𝜆
𝐽 (𝑘 𝑟)sin(𝑘𝑧 𝑧)
𝑘𝑟 1 𝑟

B𝑧 = 𝐵0 𝐽0 (𝑘𝑟 𝑟)sin(𝑘𝑧 𝑧)
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(3.23)

where 𝐵0 is an arbitrary constant, 𝑘𝑧 =

𝑚𝜋
𝐿

, 𝑘𝑟 =

𝑥𝑛
𝑅

, 𝑥𝑛 are roots of the Bessel function 𝐽1 ,

𝜆 = √𝑘𝑧2 + 𝑘𝑟2 , R is the radius and L is the length of the cylinder. The lowest energy state will
be the m = n = 1 state. The surface of constant poloidal magnetic flux is shown in Figure 3.27.

3.4.1.2 Spheromak formation by coaxial gun
The coaxial plasma gun operation sequence to launch a spheromak bubble is
summarized in this section. There are five steps:
1) The bias flux power system discharges to generate the poloidal magnetic field, as
shown in Figure 3.28. This magnetic field is also called the stuffing magnetic field.
As discussed in detail in Chapter 2, the time scale of the pulse (~ms) is much greater
than the gun-generated plasma lifetime (~μs). Therefore it is reasonable to treat the
bias magnetic field as a quasi-static DC field.
2) The gas valve power system discharges, causing the high-speed valve to then puff
a cloud of neutral gas (argon for PBEX project) into the annular gap between the
inner and outer electrodes, shown in Figure 3.29.
3) The ignitron-switched main cap-bank discharges. According to Paschen's law, the
applied high voltage across the electrode gap ionizes the neutral gas into plasma,
and drives ~kA level discharge current through it. At the same time, the current
creates a toroidal magnetic field “frozen” into the plasma. This step is illustrated in
Figure 3.30.
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Figure 3.28. Spheromak formation sequence (Step 1).

Figure 3.29. Spheromak formation sequence (Step 2).
⃑ 𝑡𝑜𝑟𝑜𝑖𝑑𝑎𝑙 force acts on the plasma expelling it out of the gun port muzzle
4) The 𝐽×𝐵
against the bias magnetic flux tension. As a result, the bias magnetic flux is
extended with this plasma motion. Furthermore, this poloidal magnetic field
stretching process consumes kinetic energy from the plasma and converts it into
magnetic energy. This process is shown in Figure 3.31.
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Figure 3.30. Spheromak formation sequence (Step 3).

Figure 3.31. Spheromak formation sequence (Step 4).
⃑ 𝑡𝑜𝑟𝑜𝑖𝑑𝑎𝑙 force is strong enough to overcome the magnetic tension force
5) If the 𝐽×𝐵
provided by the bias poloidal magnetic field, the poloidal magnetic field is
efficiently stretched, broken, and reconnected as shown in Figure 3.32. At the same
time, a spheromak with self-closed poloidal and toroidal magnetic field structure is
formed and launched into the vacuum chamber. The formation process is then
complete.
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Figure 3.32. Spheromak formation sequence (Step 5).

3.4.2 Experimental data
3.4.2.1 Current and voltage characteristics
The main cap-bank discharge current and voltage waveforms with the coaxial plasma
gun operated in Regime II are displayed in Figure 3.33. The operation settings are 𝐼𝑔𝑢𝑛 = 71.7
kA and 𝑏𝑖𝑎𝑠 = 0.36 mWb. As shown in Figure 3.33, the ignitron-switched cap-bank
discharges at t = 1.1 μs and neutral gas is ionized into plasma at 0.6 μs afterwards with the
discharge voltage dropping dramatically. The plasma can be treated as an inductive load so
that the circuit behaves as an underdamped oscillator. The discharge current reaches its peak
at t = 14.9 μs and reverses polarity at t = 32.3 μs. Since the helicity injection rate is proportional
to the voltage across the electrodes,66 the helicity injection process ends when the discharge
voltage reverses its polarity at t = 16.1 μs. This is approximately when the spheromak should
be detached from the gun port muzzle. This prediction is confirmed with image data taken by
CCD camera as shown in Figure 3.34. The voltage spikes, detected in the voltage signal during
the time when helicity injection ends (boxed in Figure 3.33), also suggests a magnetic
reconnection process during spheromak formation.111
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Figure 3.33. Typical coaxial gun discharge current and voltage signals for region II operation.
(𝐼𝑔𝑢𝑛 = 71.7 kA and 𝑏𝑖𝑎𝑠 = 0.36 mWb).

3.4.2.2 CCD camera images
Figure 3.34 shows typical camera data with a series of images to illustrate the plasma
evolution. These images are taken from the end-view window. The coaxial gun is located at
the right edge and launches plasma towards the left. The L-shape magnetic B-dot probe is
visible in these images.
As discussed in section 3.2, plasma formed under these settings is classified as being
in Region II, and exhibits distinct spheromak-like behavior compared to other regions. For this
particular shot (𝐼𝑔𝑢𝑛 = 71.7 kA and 𝑏𝑖𝑎𝑠 = 0.36 mWb), as shown in Figure 3.34, beginning at

114

Figure 3.34. Image sequence of plasma evolution with coaxial gun operated at typical settings
in region II. (𝐼𝑔𝑢𝑛 =39.11 kA and 𝑏𝑖𝑎𝑠 =0.62 mWb, Shot No. 014050914).
t = 10 μs, plasma appears at the gun muzzle and follows the bias magnetic field lines. Around
t = 16 μs, plasma detaches from the gun port and expands continuously into the vacuum
chamber. At t = 18 μs, the front (leftmost) leading edge becomes brighter compared to the
remaining plasma. This brighter region continues to gradually expand and propagate to the left.
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Note that significant irreproducibility has been found in the images data due to multiple factors,
such as asymmetric initial breakdown, imperfect electrode condition, and complex asymmetric
boundary conditions. Nevertheless, in all these images data for Region II settings, a clear bright
leading (left most) edge is visibly detected.
These images obtained from a CCD camera give good insight to the plasma dynamics
present in the device and provide evidence of spheromak-like bubble formation. However, it
is not clear from these images whether a characteristic close-surface toroidal flux is in fact
formed during this process. In order to exam the magnetic structure of the plasma, the magnetic
probe array is employed.

3.4.2.3 Magnetic signals measured by magnetic probe array
A sample of magnetic data obtained using the probe array is shown in Figure 3.35,
Figure 3.36, and Figure 3.37 for a single shot taken under the typical gun operation settings for
Region II. For these data, the probe is placed at z = 25 cm away from the gun port in the  = 0
poloidal plane. As indicated from the image data (shot No.137080515), most of the magnetic
activity takes place between t = 14 μs and t = 40 μs.
Note that a secondary magnetic signal is detected during the period of time t = 50 μs
~70 μs due to the secondary plasma launched into the vacuum chamber by the second halfcycle discharge of the main cap-bank current. Upon future completion of a crowbar circuit112,
this secondary signal should be adequately removed.
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Figure 3.35. Typical B𝑍 magnetic data with coaxial plasma gun operation settings in region II.
(𝐼𝑔𝑢𝑛 =79.25 kA and 𝑏𝑖𝑎𝑠 =0.39 mWb, Shot No. 137080515).
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Figure 3.36. Typical B magnetic data with coaxial plasma gun operation settings in region II.
(𝐼𝑔𝑢𝑛 =79.25 kA and 𝑏𝑖𝑎𝑠 =0.39 mWb, Shot No. 137080515).
For the PBEX project, magnetic probe data are obtained at multiple positions in the
vacuum chamber. Unfortunately, there is shot-to-shot irreproducibility, which complicates

118

Figure 3.37. Typical B𝑟 magnetic data with coaxial plasma gun operation settings in region II.
(𝐼𝑔𝑢𝑛 =79.25 kA and 𝑏𝑖𝑎𝑠 =0.39 mWb, Shot No. 137080515).
the analysis and interpretation. Although the plasma behavior is qualitatively similar under the
same gun operation settings for Region II, for quantitative magnetic field structure analysis,
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the magnetic signal magnitudes and time delays (offset) have significant variation. This is
problematic when analyzing the plasma’s characteristic poloidal and toroidal magnetic field
profiles at different radii, and makes identification of spheromak-like plasma formation
difficult.

3.4.3 Spheromak-like bubble formation verification
In this section, several methods are employed to examine and verify spheromak-like
plasma bubble formation in Region II, including a plasma propagation conjecture, and fitting
poloidal and toroidal magnetic profiles to Bessel functions. Furthermore, λ time evolution in
the vacuum chamber will be presented in the next section.

3.4.3.1 Plasma propagation conjecture
A similar method as was applied to the analysis of the magnetic field data for the jet
case was employed to validate the measured magnetic field data for the spheromak case. The
principle of this method is schematically exhibited in Figure 3.38, Top, with the gun-generated
plasma propagating from right to left through the B-dot probe array. If the spheromak-like
configuration is formed successfully and passes through the B-dot probe array, the B𝑟 , B𝑍 , and
B signals detected by the probe array should be of a form illustrated in Figure 3.38, Bottom.
During this period of plasma passing time, B is typically unipolar, with upper-half
positive and lower-half negative. B𝑍 is positive near the axis and negative further away from
the axis. At the same time, B𝑟 oscillates 1 ~ 2 cycles. These characteristic magnetic field
signals are consistent with the typical magnetic field data shown in Figure 3.35, Figure 3.36,
and Figure 3.37 for shot No. 137080515 with the probe position at z = 25cm and  = 0 poloidal
plane. It is clear that B𝑟 signals show bipolar oscillated waveforms as predicted. For B signals,
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the upper part signals are unipolar negative and the lower part are unipolar positive. For B𝑍 ,
the theoretical prediction also agrees with the measured results very well, which is illustrated
in more detail in the next section when theoretical Bessel functions are used to fit the measured
data.

plasma propagation
coaxial plasma gun
geometric axis
r
z

φ

magnetic probe array
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Bz

Bφ

r=0
t

r=0

r

r

Figure 3.38. Sketch of spheromak plasma with typical magnetic field waveform.
Figure 3.39 shows the spatial magnetic field configuration from an example shot (No.
137080515). The toroidal magnetic field is plotted as a contour map on the top and the poloidal
magnetic field’s vector plot, with B-field streamlines, is shown at the bottom. It is important
to note that the B-dot probe array is placed at Z = 25cm in space for this particular shot. Data
with increased Z means early in time and vice versa.
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Figure 3.39. Top: contour plot of toroidal magnetic field symmetric around the geometric axis
with inverse direction on each side. Bottom: vector plot of poloidal magnetic field with
streamline lines.
Comparing the measurements with the theoretical analysis, the spheromak-like
configuration is very clear. The vortex-like closed poloidal magnetic field lines with the
polarized peak in toroidal magnetic field are consistent with the spheromak magnetic field
topology. Specifically, the measurement plot shows that the toroidal magnetic field is roughly
symmetric around the geometric axis with opposite direction for up and down sides (colored
blue and red respectively in Figure 3.39). For the poloidal magnetic field configuration, the
magnetic field axis is off the geometric axis and trailing behind the spheromak; a clear X-point
indicates that magnetic reconnection happens during the plasma evolution.
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3.4.3.2 A theoretical Bessel-function model fit
As discussed in Chapter 1 and Section 3.4.1, Taylor relaxation theory leads to the
particular Taylor state force-free equilibrium which is characterized by 𝐽 = λ𝐵, with λ as a
constant, independent of space position.113 This theoretical analyses provides two ways to
examine experimental data: 1) fitting measured magnetic field data to a Bessel function model;
2) calculating spatial λ to examine whether it is a constant during the time evolution. In this
section, the measured magnetic field data will be fit to Bessel function model and spatial λ
calculation will be validated in the next section.
Figure 3.40 shows the results of fitting a Bessel function of Eq. 3.23 to the radial profile
of B , and B𝑍 , at t = 25 μs as illustrated in Figure 3.39. These force-free eigenmode fits are a
good match to the experimental data, and lend support to verify the spheromak-like formation
in Region II. The errors are mainly introduced from: 1) the fact that the experimental boundary
condition is not quite the same as that used in Eq.3.23’s derivation where a cylinder boundary
condition with closed ends is assumed. 2) The B-dot probe array perturbs the measurements,
especially at the probe edges.
Furthermore, from the numerical fit of the Bessel function and Eq. 3.23, both 𝑘𝑧 and
𝑘𝑟 can be determined. Then 𝜆 = √𝑘𝑧2 + 𝑘𝑟2 is calculated as 162.8 m-1 which is very close to the
practical value of 𝜆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 170.37 m-1 (Section 3.1).
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Figure 3.40. Experimental B𝑍 and B magnetic field radial profile in the  = 0 poloidal plane
with theoretical Bessel-function fit.

3.4.4 Taylor relaxation characterization
For the coaxial plasma gun operation, a poloidal discharged current is driven through
the plasma to generate a toroidal magnetic flux. The induced toroidal magnetic flux is injected
into the system along with the linked pre-exit poloidal magnetic flux which is generated by the
bias coil. As discussed above, the plasma then experiences Taylor-relaxation into an
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equilibrium state. The original toroidal magnetic flux is usually much greater than the pre-exit
poloidal magnetic flux. It is assumed that the relaxation process is a possible mechanism to
convert the toroidal flux into poloidal flux.56 A number of experiments have reported on this
flux conversion associated with the relaxation process in spheromak devices.4, 56, 114, 115 In this
section, PBEX data is presented to demonstrate the magnetic flux conversion during the
relaxation process.

3.4.4.1 Poloidal magnetic flux calculation
The poloidal flux, 𝜓𝑝𝑜𝑙 (𝑟, 𝑧), is the flux through the circle with its center at r = 0 lying
in the geometric axis at axial position z.116
𝑅

𝜓𝑝𝑜𝑙 (𝑟, 𝑧) = ∫0 2𝜋𝑟 ∙ 𝐵𝑧 (𝑟, 𝑧)𝑑𝑟

(3.24)

with the boundary conditions (considering ∇ ∙ 𝐵 = 0):

𝜓𝑝𝑜𝑙 (𝑟 = 0, 𝑧) = 0 𝑎𝑛𝑑 𝜓𝑝𝑜𝑙 (𝑟 = 𝑅, 𝑧) = 0

(3.25)

The integral given in Eq. 3.24 is very straightforward and is calculated by employing
the measured magnetic field data from Shot No. 137080515 and converting the time
dependence into z-direction distance dependence (the propagation speed of 1.8 cm/us is
estimated during the calculation).
The calculated result of the estimated poloidal flux is shown in Figure 3.41. An
interesting note is that for this particular shot, 𝜓𝑝𝑜𝑙 (𝑟 = 𝑅) naturally vanishes without any
artificial constant added during the calculation, which means 𝜓𝑝𝑜𝑙 (𝑟 = 𝑅) can be treated as
𝜓𝑝𝑜𝑙 (𝑟~∞). This also shows that 𝜓𝑝𝑜𝑙 (𝑟 = 0) does not go to zero, which is expected since
that there is an offset between the axis of symmetry of the device and the geometric axis. This
asymmetry demonstrates again that plasma formation is sensitive to the initial conditions of
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plasma gun discharge. This shot-to-shot variation is a potential issue for experimental
measurements.

Figure 3.41. Calculated poloidal magnetic flux surface.
The location of the maximum poloidal magnetic flux is located on the spheromak
magnetic axis as indicated in Figure 3.39, and Figure 3.41. For this particular shot, the
magnitude of poloidal magnetic flux is 1.5 mWb, which is roughly triple the applied external
bias magnetic flux (0.62 mWb). This dramatic increase in poloidal magnetic flux is beyond
measurements, and calculations, uncertainties, and provides strong evidence that Taylor
relaxation is occurring.
In addition to the fixed probe position signal analysis, various positions of B-dot probe
data have been employed to examine the spheromak-like formation time evolution and spatial
distribution. The peak poloidal flux at different positions across the vacuum chamber has been
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calculated from multiple shots (Shot No.031073015, No.033073015, No.031080515,
No.032080815,
No.034081315,

No.136080515,
No.032081915,

No.137080515,
No.033081915,

No.138080515,

No.032082415,

No.033081315,

No.033082415

and

No.034082415). The results are plotted in Figure 3.42, with the mean value of the maximum
poloidal flux shown with black squares, and the standard deviation of the calculations as error
bars.

Figure 3.42. Measured peak value of poloidal flux at various probe position.
Figure 3.42 indicates that the peak value increases from 0.52mWb up to 1.5 mWb in
the region 0 < z < 25cm along with the position where the reconnection X point is detected as
shown in Figure 3.39. The rise of poloidal magnetic flux happens simultaneously with the
magnetic reconnection and spheromak detachment process. When the detachment completes,
the poloidal flux remains roughly a constant with the spheromak propagating across the
vacuum chamber.
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3.4.4.2 Toroidal magnetic flux calculation
The net toroidal flux carried within the spheromak can be defined as:66
𝑧

𝑅

𝑡𝑜𝑟 = ∫0 𝑚𝑎𝑥 𝑑𝑧 ∫0 𝑑𝑟 ∙ 𝐵

(3.26)

Due to the fact that the B-dot probe has limited length and axial range (z direction), it
is impossible to measure and calculate the toroidal magnetic flux over the whole region. A
practical method, Full Width at Half Max (FWHM), is employed to estimate the toroidal
magnetic flux. FWHM has been a useful and powerful method, and is widely used in plasma
data analysis.117-119
For this method, the integration area is defined as the area where the absolute value of
the toroidal magnetic flux is greater than half of the peak value. This solution is indicated in
Figure 3.43. Similarly, as shown in Figure 3.39, the upper plot is the toroidal contour plot with
the integration area marked. The lower plot is the poloidal vector plot for the same shot
(No.033081315). The classic poloidal vortex structure followed by a magnetic X-point covers
the qualitatively equivalent area. However, the FWHM area is leading the vortex in space as
shown in the experimental data in Figure 3.43.
The calculated results using the measured magnetic field data from multiple shots are
shown in Figure 3.44. Once again, the mean value of the maximum poloidal flux is indicated
as black square, and the standard deviation of the calculations is used as the error bar. The
toroidal flux drops from 8.5 mWb to 5.0 mWb at the position z = 20cm, while the poloidal flux
increases approximately at the same location as shown in Figure 3.42. These results agree with
flux conversion, which is a typical characteristic of the relaxation process.
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Figure 3.43. Illustration of FWHM method used to integrate toroidal magnetic flux.

Figure 3.44. Calculated toroidal magnetic flux (employing FWHM) at various probe position.
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An important feature to note here is that for the PBEX project, the ratio (poloidal flux
to toroidal flux) of 1:3 is observed in the spheromak-like plasma during the space region 20
cm < z < 35cm.

3.4.5 Spatial variation and time evolution of λ
3.4.5.1 Dynamic λ calculation
Taylor relaxation theory predicts a spatially constant λ to achieve a force-free state.110
For such an equilibrium, the plasma is in the lowest energy state for a given injection helicity.
As discussed above, the plasma’s λ is the key parameter to characterize plasma dynamic
evolution. It indicates the direction of injected helicity flow, whether or not a spheromak-like
plasma is formed successfully, and the ratio between the magnetic energy and the total helicity
of the system.69
In this section, the λ dynamics during the plasma lifetime is calculated and analyzed to
examine the Taylor relaxation process. Assuming a near force-free state, the dynamic λ can be
quantitatively determined by:120

𝜆=

𝜇0 𝐽𝜑

(3.27)

𝐵𝜑

for 𝐵𝜑 , the measured data can be used for the calculation directly. And for 𝐽𝜑 , the detailed
method is presented below.

3.4.5.2 Current density 𝑱𝝋 calculation
The toroidal current density, 𝐽𝜑 , can be calculated in cylindrical coordinates as follows:

𝐽𝜑 =

1
𝜇0

⃑ )𝜑 =
(∇×𝐵
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1
𝜇0

𝜕𝐵𝑟

(

𝜕𝑧

−

𝜕𝐵𝑧
𝜕𝑟

)

(3.28)

This equation requires spatial differentiation operations which are particularly sensitive
to the input data.121 So, once again, it is important to calculate and analyze the magnetic field
data from one single shot due to the reproducibility issues mentioned previously. The terms
𝜕𝐵𝑟
𝜕𝑧

and

𝜕𝐵𝑧
𝜕𝑟

can be evaluated in a poloidal plane employing the method discussed above from

a single plasma discharge.

Figure 3.45. Contour plot of calculated toroidal current density 𝐽𝜑 (kA/m2) in the poloidal
plane.
Figure 3.45 shows the contour plot of the calculated 𝐽𝜑 in the poloidal plane. The
magnetic field data was obtained with the probe positon at z = 30 cm and 𝜑 = 0. It is noted
here that the 𝐽𝜑 contour plot is similar to the 𝐵𝜑 contour which is again strong evidence for a
force-free state.
Once the 𝐽𝜑 value is determined, λ can be quantitatively determined by Eq. 3.27. The
contour plot of the calculated λ is shown in Figure 3.46. Combined with Figure 3.45, these two
plots show the analysis process for λ calculation. It is noted here that as |𝐵𝜑 | → 0, the value of
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λ increases without bound, and loses any realistic physical meaning. For this reason, during
the calculation, |𝐵𝜑 | at any position where the value is less than 5% of the peak value is forced
to zero. At these locations, 𝐽𝜑 typically has a smaller value as well. As a result, this assumption
does not affect the calculation results dramatically.4

Figure 3.46. Contour plot of calculated λ (m-1) in poloidal plane.

3.4.5.3 λ spatial evolution
The two dashed lines in Figure 3.46 indicate the location of the data to show the spatial
characteristics of λ. The radial and axial profiles are plotted in Figure 3.47 with the probe
position at z = 30 cm, 𝜑 = 0, and central r = 2.2 cm respectively. The radial profile of λ (the
lower one) shows a centrally peaked profile, where the axial profile exhibits a relaxing
spheromak plasma. This kind of λ profile is also observed, and reported, by other similar
spheromak experiments.4, 114
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Figure 3.47. Axial and radial profile of λ at Z = 30 cm and r = 2.2 cm, respectively.

3.4.5.4 λ time evolution
As discussed in detail in Section 3.4.4.1, a similar method used to analyze the time
evolution of the poloidal magnetic flux was employed to infer the λ time evolution process by
calculating peak λ values at several spacial locations across the vacuum chamber. The result is
plotted in Figure 3.48.
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Figure 3.48. Peak λ values along z-axial in the vacuum chamber.
The plot in Figure 3.48 indicates that the λ drops quickly after the plasma leaves the
gun port muzzle. The original value, 𝜆𝑔𝑢𝑛 =

𝜇0 𝐼𝑔𝑢𝑛

𝑏𝑖𝑎𝑠

=159.3 m-1, drops to 𝜆 = 79.7 m-1.

Throughout the central area in the vacuum chamber (20 cm < z < 35cm), a roughly constant λ
value is achieved, indicating the occurrence of Taylor relaxation process under the assumption
of no, or small, expansion of the plasma in this space region.

3.5 Summary
For the coaxial plasma gun operation, during the initial breakdown, a plasma forms in
a radially symmetric arrangement. The breakdown path is determined by the gas density
according to Paschen’s law. An ~ 80 kA peak current flows from the anode to the cathode
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creating an induced toroidal magnetic field. The self-generated Lorenz force expels the plasma
out of the gun muzzle. At the same time, if there is a bias magnetic field applied to the plasma,
the magnetic tension force will try to pull the plasma back into the gun muzzle. The practical
parameter, 𝜆

=

𝜇0 𝐼𝑔𝑢𝑛
𝜑𝑏𝑖𝑎𝑠

, dictates the plasma formation generated by the gun. A high-speed

camera was employed to survey the plasma topology, and evolution, under different plasma
gun settings. Based on image data, four operation regions have been identified.
In region I, a current-driven plasma jet was formed and launched into the main vacuum
chamber. A snowplow model was set up to simulate the jet head performance which is
consistent with the image obtained. Furthermore, a Bernoulli-like relation was set-up to
characterize the property of the plasma jet-head velocity. Based on magnetic field
measurements from a 3D B-dot probe array, a global helical magnetic structure was determined.
For PBEX’s experimental apparatus, this was a right-handed helix.
The current-driven plasma jet was susceptible to current-drive instabilities. The plasma
column exhibited the current-driven ideal MHD kink instability consistent with the KruskalShafranov criterion. The criterion can be expressed in terms of the PBEX experimental
parameters. When the plasma length satisfies Eq. 3.19, the plasma column begins to kink. The
formerly straight column becomes helical. This is also observed in the toroidal magnetic field
vector plots at multiple axial positions.
In Region II, neutral argon gas was puffed into the electrode region where it is ionized
by the high voltage (6 kV – 10 kV) applied between the cathode and anode. After the ionization,
a large discharged current flows along the inner electrode (generating an azimuthal magnetic
field 𝐵𝜑 ), through the plasma, and into the outer electrode. The plasma was pushed forward by
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the 𝐽×𝐵𝜑 force against the applied bias magnetic tension. The plasma carried the magnetic
field lines with it due to the “frozen-in” condition. Magnetic field lines reconnect behind the
plasma, forming a donut-shaped spheromak. This spheromak-like plasma formation was
verified from the measured experimental data. Both poloidal and toroidal magnetic fields show
a closed-surface magnetic flux structure followed by a clear x-point, which indicates a
magnetic reconnection process when the spheromak detaches from the gun muzzle.
Based on the assumption that the plasma is in a force-free state (dramatic changes in
the magnetic field are omitted), and propagates at a constant velocity with a small expansion
during the measurement, the magnetic topology in the system length range is investigated from
one single shot. Fitting the radial profile of the magnetic field data into a Bessel-function model
provides a direct method to verify the Taylor-relaxed state. The results indicate that a Taylor
relaxation process occurs simultaneously with the spheromak formation. The results of the
poloidal flux and the toroidal flux calculation show the magnetic flux conversion process along
with the Taylor relaxation process.
At the same time, the spatial and temporal profiles of 𝜆 are calculated. A radial profile
of 𝜆 shows a peak near the magnetic axis, and decreases away from the axis. The time
evolution shows a roughly constant 𝜆 which indicates the plasma is in a force-free state.
In Region III, a second plasma was formed due to ringing of the discharged current. A
merging of these two plasmas was observed. A crowbar circuit is under construction to
eliminate the second plasma. In Region IV, due to the strong bias magnetic field, plasma barely
leaves the gun muzzle. Detailed study of regions Region III and IV is outside the scope of this
thesis.
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Chapter 4 Launching Plasma into a Background Magnetized
Plasma/Background Magnetic Field
4.1 Introduction
Although interstellar space is very empty and the stars are very far apart, the space
between the stars still contains a very diffuse medium of gas and dust which is called the
interstellar medium (ISM).122 The chemical compositions of the ISM is neutral hydrogen gas
(HI), molecular gas (mostly H2), ionized gas (HII), and dust grains.123 The interstellar medium
contains about of 5-10 billion solar masses worth of gas and dust.124 One piece of strong
evidence for this is that the ionized hydrogen (in the plasma state) can be detected during the
process of fluorescence, glowing with a pinkish red color as shown in Figure 4.1. As a result,
the astro-jet and bubble radio lobes propagate into the ISM rather than into vacuum.

Figure 4.1. Red light from H emission in the Triffid Nebula. Image Credit: R Jay Gabany.125
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For the PBEX project, in order to be more accurate and closer to the astrophysical
situation, the background magnetized plasma generated by the HelCat (Helicon-Cathode)
linear device was employed to simulate the ISM effects in the astrophysical environment.

Figure 4.2. Plasma jet is launched into the background magnetized plasma (Shot No.
007050114).
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As discussed in Chapter 3, the plasma generated by HelCat has a lower density and
lower temperature than the coaxial-gun-generated plasma. The experimental setup, which aims
at launching plasma into a background magnetic field/plasma, is innovative and brings new
results and insights into plasma-gun-related experimental research.

Figure 4.3. Plasma jet is launched into the background magnetized field (Shot No.008050114).
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Figure 4.2, and Figure 4.3, highlight the similarities between launching the coaxialgun-generated plasma into a background magnetized plasma, and a background magnetic field
without plasma. Both figures show the image data taken with the same discharge current absent
any bias magnetic flux. As discussed in Chapter 2, for these experimental settings, both
launched plasmas are in the same region: Regime I i.e. plasma jet formation.
Figure 4.2 shows the plasma jet’s evolution, after the plasma jet leaves the gun muzzle,
with a background magnetized plasma, and Figure 4.3 shows the jet’s development with a
background magnetic field, but no plasma. From these image data, there is no evident
difference between these two cases. Magnetic field measurements lend further support for this
conclusion. This similarity is reasonable since for the background plasma, 𝛽𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 ≪ 1,
which means that the magnetic pressure dominates over the plasma kinetic pressure, and the
background magnetic field plays the key role for the interaction between the background
magnetized plasma and the gun-generated plasma. As a result, in this Chapter’s discussion,
without loss of generality, all the data results presented here are for the case where the coaxial
gun launches different plasma formations into a background magnetic field without plasma.

4.2 Plasma jet propagating into the background magnetic field
For operation Regime I, where the coaxial gun generated plasma jet propagates into the
main vacuum chamber with a background magnetic field of 500 Gauss, a more stabilized jet
body column (with longer column length and longer life-time) is observed from the image data
compared with the jet launched into the vacuum as shown in Figure 3.23. In this section, the
experimental data from the CCD camera and the B-dot probe array are presented to show the
stabilized plasma jet formation. Theoretical and computational efforts are underway.

140

4.2.1 Experimental data
4.2.1.1 CCD camera images
The image data in Figure 4.3 show the case where a plasma jet is generated and
launched into the main vacuum chamber with a background magnetic field of 500 Gauss.

Figure 4.4. A more stabilized plasma jet column is observed (Shot No.008050114).
From the image data, a jet with a parabolically shaped advancing front is formed at t =
15 μs. At t = 29 μs, the visible jet body length reaches the full length (50 cm) across the vacuum
chamber from the gun muzzle to the opposite port as marked in Figure 4.4. The jet body with
a full length lasts from approximately t = 29 μs to t= 37 μs, when the plasma jet starts to
dissipate. Note that the plasma jet can possibly last even longer in time, considering t = 37 μs
is the time point when the main cap-bank discharged current, 𝐼𝑔𝑢𝑛 , reverses direction as shown
in Figure 3.33.

4.2.1.2 Poloidal and toroidal magnetic field measurement
For the plasma jet launched into a background magnetic field, the poloidal and toroidal
magnetic fields were measured with the B-dot probe array. The poloidal magnetic field radial
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profile is plotted, and compared to the plasma jet launched into vacuum in Figure 4.5. Also,
for the radial profile of the toroidal magnetic field, the result, along with the comparison to
vacuum, is plotted in Figure 4.6. For both Figure 4.5 and Figure 4.6, the magnetic field data
were obtained with the probe positon at z = 20 cm and φ = 0 in the poloidal plane. (Shot No.
003112315 for the plasma jet into the 500 G background magnetic field case, and shot No.
009080515 for the vacuum case)
As shown in Figure 4.5 and Figure 4.6, both the poloidal and toroidal magnetic fields
dramatically increase when the plasma jet prorogates into the background magnetic field. The
increase in magnitude is because the magnetic tension force of the background magnetic field
works on the jet body, like an external pinch force, to compact the jet body, making it denser
and more collimated. As a result, the magnetic flux density, 𝐵, and the current density, 𝐽𝑍 , are
increased leading to an increased measurement of both the poloidal and toroidal magnetic
fields.
Furthermore, from Figure 4.6, it is evident that for the plasma jet propagating into
vacuum, in the B-dot probe measurement range, the locations of the peak toroidal magnetic
field are at 𝑟 = ±4 cm, while for the jet launched into the background magnetic field, the
locations are at 𝑟 = ±1.5 cm. This reduction in radius is strong evidence for the pinch effect
caused by the background magnetic tension force.
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Figure 4.5. The radial profile of the poloidal magnetic field for both the plasma jet into vacuum
and into the background magnetic field cases.

Figure 4.6. The radial profile of the toroidal magnetic field for both the plasma jet into vacuum
and into the background magnetic field cases.
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4.2.2 Plasma jet stabilization analysis
As discussed in section 4.2.1, a more stabilized plasma jet is observed when launched
into a perpendicular background magnetic field (500 G in strength). The conclusion of a “more
stabilized” jet is sustained by two straightforward results: 1). The absolute length of the jet is
50 cm, which is much longer than the 10 cm length observed for the vacuum case as shown in
Figure 3.23; 2) the life-time is ~ 3 𝑡𝐴𝑙𝑓𝑣𝑒𝑛 (𝑡𝐴𝑙𝑓𝑣𝑒𝑛 ≡ 𝑉

𝑙

𝐴𝑙𝑓𝑣𝑒𝑛

) which is prolonged compared to

the vacuum case in which the plasma jet has the life-time ~ 1 𝑡𝐴𝑙𝑓𝑣𝑒𝑛 . Comparing the
experimental settings for these two cases, the only difference is the added background magnetic
field in the main vacuum chamber. Apparently the background magnetic field plays an
important role in the jet stabilization process. In the following sections, the theoretical analysis
will be presented in detail.

4.2.2.1 Safety factor analysis
As discussed in Chapter 3, for an m=1 kink instability, the Kruskal-Shafranov criterion
gives the safety factor 𝑞(𝑎) ≡

2𝜋𝑎𝐵𝑧
𝑙𝐵𝜑

(Eq. 3.17), where 𝑎 and 𝑙 are the radius and length of the

plasma column respectively. From Eq. 3.17, it can be shown that increased poloidal magnetic
field (or the so-called axial magnetic field) contributes to the stabilization of the kink-mode
instability. The toroidal magnetic field, on the other hand, has the opposite effect. Also,
considering the jet into the background magnetic field case, the length of the plasma, 𝑙 ,
increases and the radius of the plasma, 𝑎, narrows, both of which have a negative influence on
the jet stabilization. Taking all of these factors into consideration, the time-evolution of the
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safety factor, |𝑞|, at multiple radial positions is plotted in Figure 4.7 from the data of Shot No.
003112315 with the probe positon at z = 20 cm and φ = 0.

Figure 4.7. The time evolution plot of the safety factor’s radius profile.
As shown in Figure 4.7, the “localized” safety factors, where the B-dot probe is placed,
are below unity. Based on the Kruskal-Shafranov criterion, the plasma jet should experience
the kink mode instability which will deform and break the jet column. However, the image
data shown in Figure 4.4 indicates a globally more stable plasma jet column. As S.A. Colgate
et. al126 proposes, the current-driven instability may be separated into “internal” shortwavelength modes close to the neighborhood of the central column, and very long wavelength
“external” modes corresponding to the entire jet.126 Furthermore, these localized instability
modes referred as “internal kinks” do not destroy the collimation of the jet.

4.2.2.2 The modified snowplow model
For the coaxial-gun-generated plasma jet to successfully cross the vacuum chamber
and reach the opposite port, the plasma jet must have a high enough kinetic energy density that
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it can penetrate the background magnetic field, and continue to propagate. This requirement
may be stated as

2
𝜌𝑗𝑒𝑡 𝑉𝑗𝑒𝑡

2

≥

2
𝐵𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

2𝜇0

, where 𝜌𝑗𝑒𝑡 is the plasma jet mass density, 𝑉𝑗𝑒𝑡 is the

plasma jet velocity, and 𝐵𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 is the background magnetic field strength. Based on the
PBEX parameters, substituting 𝑛~1020 𝑚−3 , 𝑀𝐴𝑟𝑔𝑜𝑛 = 6.62×10−26 𝑘𝑔 , and 𝑉𝑗𝑒𝑡 =
2.7~3.7×104 𝑚/𝑠 into

2
𝜌𝑗𝑒𝑡 𝑉𝑗𝑒𝑡

2

, one gets 𝑃𝑗𝑒𝑡 = 2413 - 4531.4 Pascal (Pa). For

2
𝐵𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

2𝜇0

,

using 𝐵𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 500 Gauss (0.05 Telsa), one gets 𝑃𝐵 = 995 Pa. As a result, 𝑃𝑗𝑒𝑡 ~ 4𝑃𝐵
which means the plasma jet can propagate into the background magnetic field.
Following this, we calculate the magnetic diffusivity:

𝜂≡

1

(4.1)

𝜇0 𝜎0

where 𝜇0 is the permeability of free space ( 4𝜋×10−7 𝐻𝑚−1 ) and 𝜎0 is the electrical
conductivity.
For the electrical conductivity 𝜎0 calculation:

𝜎0 ≡

𝑛𝑒 𝑒 2

(4.2)

𝑚𝑒 𝜈𝑐

where 𝑛𝑒 is the electron density (1020 𝑚−3 for PBEX), 𝑒 is the electron charge (1.6×10−19 𝐶),
𝑚𝑒 is the electron mass (9.1×10−31 𝑘𝑔), 𝜈𝑐 is the collision frequency.
For the collision frequency 𝜈𝑐 , the practical formula

1

4.80×10−8 𝑍 4 𝜇 −2 𝑛𝑖

3

ln∧

−
𝑇𝑒 2

is

used for the calculation where Z=1, 𝜇 = 40, 𝑛𝑖 ~1014 𝑐𝑚−3 , 𝑇𝑒 = 10 𝑒𝑉 and ln∧= 6.8. The
electron collision rate 𝜈𝑒 is 1.6×105 𝑠 −1 . Substituting 𝜈𝑒 into Eq. 4.2, one can get that the
electrical conductivity 𝜎0 is 1.7×107 𝑆/𝑚. Then from Eq. 4.1, the magnetic diffusivity 𝜂 is
21.4 m2/s.127
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Furthermore, the magnetic Reynolds number, 𝑅𝑀 ≡

𝑉∙𝑙
𝜂

, where 𝑉 is a typical velocity

scale of the flow (3.5×104 𝑚/𝑠) and 𝑙 is a typical length scale of the flow (0.3 m), can be
calculated → 𝑅𝑀 ~102 ≫ 1. Since 𝑅𝑀 ≫ 1, the magnetic diffusion is relatively unimportant
on the length scale 𝑙. The background magnetic field lines are then advected with the plasma
jet propagation, as indicated in Figure 4.8.

Figure 4.8. The plasma jet propagates into the background magnetic field.
The advected background magnetic field line is curved with the movement of the
plasma jet. As discussed in Chapter 1, the curved magnetic field will induce a magnetic tension
force to act on the plasma jet as:

𝐹𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ≡

̂
𝐵𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 2 𝑹
𝜇0

𝑹

(4.3)

̂ is the unit vector pointing from the magnetic field line to the center of curvature, and
where 𝑹
𝑹 is the radius of curvature of the field line shown in Figure 4.8.
⃑⃑ force which is from the main capThe plasma jet now experiences two forces: the 𝑱×𝑩
bank discharged current, and the magnetic tension force which comes from the curved
background magnetic field.
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Figure 4.9. Top: the simulation results from the modified snowplow model with the jet front
head marked. Bottom left: the image data shows the jet-head formation. Bottom right: The
simulation results of CosmoMHD code from Los Alamos National Laboratory (LANL). The
picture is taken from [128].
Based on the snow plow model discussed in Section 3.3.2, a modified model is
presented here by adding the magnetic tension force term. Then, the radial profile of the plasma
propagation distance, z, for a certain time, t, can be expressed as:

𝑧=√

𝜇0 𝐼02
8𝜋2 𝑟 2 𝑛𝑒 𝜔

2(
( 2 2
)) −
2 𝜔 𝑡 − sin 𝜔𝑡

1

𝐵𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

√𝜇0 𝑛𝑒

𝑟

𝑡

(4.4)

The simulation result is plotted in Figure 4.9, Top. At the same time, the image data
taken from CCD camera data is shown in Figure 4.9, Bottom left, and the simulation results
using a cosmological magnetohydrodynamics code (CosmoMHD)128 is exhibited in Figure 4.9,
Bottom right. All these results indicate that the plasma jet is pushed back by the background
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magnetic tension force. Instead of a typical conic-shaped jet head which is observed in the jet
into vacuum case, the edge of the jet-head for this case is more backward. These results provide
the evidence for an axial sheared flow which contributes to the global jet stabilization process.

4.2.2.3 Linearization of the MHD equations
The stabilizing effect of a sheared axial flow on the m = 1 kink instability has been
investigated experimentally with the Zap Flow Z-pinch experiment,53 as well as theoretically
and computationally.53, 129
For the kink instability, due to its natural asymmetry property, it is not suitable to
analyze the stability by analytical methods which are used for the m = 0 sausage case. As a
result, numerical methods must be used, i.e. 3D nonlinear methods, or the linearization of the
ideal MHD equations.130 A seed initial perturbation is introduced to the linearized equations.
After several growth times, the solution to the linear development converges to the fastest
growing mode, and the real and imaginary parts of the frequency, ω, are obtained.131
The plasma jet equilibrium can be expressed by the MHD force balance equation:

⃑ ∙ ∇)𝑽
⃑ = 𝑱×𝑩
⃑⃑
∇𝑃 + 𝜌(𝑽

(4.5)

⃑ is the plasma jet velocity, 𝐽 is the
where 𝑃 is the plasma pressure, 𝜌 is the mass density, 𝑉
⃑ is the magnetic field.
current density, and 𝐵
For the PBEX project, assuming the gradients are only radial, a constant initial axial
magnetic field, BZ, is applied, and the plasma jet only propagates in the z-direction, Eq. 4.5
can be simplified to:
𝐵𝜃 𝑑(𝑟𝐵𝜃 )
𝜇0 𝑟

𝑑𝑟
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+

𝑑𝑃
𝑑𝑟

=0

(4.6)

Figure 4.10. Right: the line-out plasma intensity measurement on the dotted line from the left
image data (Shot No.008050114).
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There are two unknown terms, 𝑃 and 𝐵𝜃 , in Eq. 4.6. The plasma pressure term, 𝑃, can
be estimated from the image data. Assuming the plasma intensity and the plasma density are
directly related,132 for 𝑇𝑖 = 𝑇𝑒 = 𝐶𝑜𝑛𝑠𝑡, the plasma pressure is also positively correlated with
the plasma density. As a result, the radial profile of the initial plasma pressure follows the
plasma intensity from the image data as plotted in Figure 4.10.
For constant electron drift velocity across the jet, with 𝑇𝑖 = 𝑇𝑒 , the Bennett equilibrium
profile for the pressure, 𝑃, is of the form:
1

𝑃0 =

𝑟2

2

(4.7)

(1+ 2 )
𝑎

where r is the radius, and 𝑎 is a practical factor which sets the radius of the jet pressure profile.
Eq.4.7 satisfies the general radial force balance equation Eq. 4.6, and was employed to
fit the plasma intensity profile shown in Figure 4.10. The result is shown in Figure 4.11. This
result indicates that the Bennett equilibrium profile fits the initial plasma pressure data well.
As a result, it is a good and reasonable assumption. We can substitute Eq. 4.7, with a = 0.048,
which is determined by the fitting result shown in Figure 4.11, into Eq. 4.6, to obtain the
magnetic field, 𝐵𝜃 , profile as:

𝐵0𝜃 = √2

𝑟
𝑎
𝑟 2
1+(𝑎)

(4.8)

Based on Eq. 4.7 and Eq. 4.8, the initial profiles of 𝑃 and 𝐵𝜃 are established to satisfy
the general radial force equilibrium equation Eq. 4.6. The radial profile of the plasma pressure
and the toroidal magnetic field are plotted in Figure 4.12, where the plasma pressure profile is
taken from the Bennet pressure fitting result, as shown in Figure 4.11, and the toroidal magnetic
field profile is calculated from Eq. 4.8.
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Figure 4.11. Bennett pressure fit to the image data. Credit to: Dr. Dustin Fisher.
Considering the measured toroidal magnetic field radial profile as shown in Figure 4.6,
the calculated results have a similar profile to that of the measured data. The experimental data
show good consistency with the initial conditions of the model. Without the tedious
calculations, based on this initial condition, the linearization of the MHD equations has shown
that a sheared axial flow can stabilize the kink mode of the plasma jet and the required amount
of the flow shear is given by:

𝑑𝑉𝑧
𝑑𝑟

≥ 0.1𝑘𝑉𝐴

(4.9)

where 𝑘 is the axial wave number, and 𝑉𝐴 is the Alfvén velocity. The results from the PBEX
project with the plasma jet propagating into the background magnetic field were employed to
examine this result.
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Figure 4.12. The normalized radius profile of the plasma pressure and the toroidal magnetic
field with the initial Bennet pressure equilibrium.

4.2.3 Discussion of results
The radial profile of the plasma velocity was calculated based on the time delay
between the initial rises of the toroidal magnetic field measured by the magnetic probe array
which was placed at various positions in the main chamber at 10 cm intervals.
The results are plotted in Figure 4.13. From these plots, it is clearly shown that after
the plasma jet is initially formed at the plasma gun muzzle, the jet head propagates at roughly
the same velocity. Then the background magnetic tension force starts to work on the body
column, causing the velocity to drop radially along with the axial propagation, and an axial
sheared flow is formed.
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Figure 4.13. The radius profile of the plasma jet axial velocity at various space positions.
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Throughout the main part of the chamber (z =15 cm to 35 cm), there is a strong axial
sheared flow, as shown in Figure 4.13. The background magnetic field’s relative position to
the plasma jet changes from its originally perpendicular orientation (z = 0 cm) to one that is
curved (z =15 cm ~35 cm), and finally to an orientation parallel with the jet (z =50 cm). As a
result, the calculated axial velocity at different radii are back to uniform again when the plasma
jet reaches the opposite port (z = 50 cm).

Figure 4.14. The spatial velocity shear is calculated. A positive velocity shear is measured.
After the radial velocity profile was obtained at different positions in the vacuum
chamber, the axial sheared flow was determined and the result is plotted in Figure 4.14. As
shown in this plot, for the main region of the chamber (z = 15 cm to 35 cm), the magnitude of
the axial shear is above the threshold line, from Eq. 4.9, indicated by a horizontal line. The

155

results from the PBEX experiment are consistent with the theoretical analysis of the axial
sheared flow stabilization of Eq. 4.9. The plasma jet, which is generated by the co-axial plasma
gun, initially acts as a snowplow. Then after the plasma jet leaves the gun muzzle, the
background magnetic tension force starts working on the jet body, and a stable jet is observed
form the image data. The evolution of the axial velocity profile shows a velocity shear, which
is above the theoretical threshold, 0.1𝑘𝑉𝐴 , and is measured throughout the main part of the
chamber.

4.3 Spheromak-like plasma propagating into the background magnetic
field
For operation Regime II, the coaxial-gun-generated spheromak propagates into the
main chamber with the background magnetic field (500 Gauss). The self-organized spheromak
is deformed due to the background magnetic tension force. Furthermore, a suspected magnetic
Rayleigh–Taylor instability is observed from the image data. In this section, the experimental
data from CCD camera and the B-dot probe array are presented to show the deformation of the
spheromak’s magnetic field configurations. The growth rate of Rayleigh–Taylor instability is
also calculated based on the image data.

4.3.1 Experimental data
4.3.1.1 CCD camera images
The image data in Figure 4.15 shows the case where a spheromak plasma is generated
and launched into the main vacuum chamber with a background magnetic field (500 Gauss).

156

Figure 4.15. The spheromak propagates into the 500 Gauss background magnetic field. (Shot
No.034050914).
From the image data, at the first stage, similar to the vacuum case, the gun-generated
plasma follows the bias magnetic field line, then a typically symmetric spheromak shape is
formed around t = 20 μs. Then at t = 22 μs, the spheromak starts to propagate into the chamber
with a perpendicular 500 Gauss background magnetic field. The plasma does not travel strictly
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along the z-axis as it does in the vacuum case in Figure 3.34. Instead, the plasma veers off axis
and upward. The typical self-closed spheromak configuration does not hold anymore.
Furthermore, on the upper side, the magnetic Rayleigh–Taylor (RT) instability develops from
t = 26 μs. During the time period from t = 28 μs to t = 32 μs, the typical RT “fingers” are
observed at the interface between the plasma and the background magnetic field.

Figure 4.16. Typical poloidal and toroidal magnetic field configurations of a spheromak.

4.3.1.2 Poloidal and toroidal magnetic field measurement
For this case, the poloidal and toroidal magnetic field at various spatial positions are
measured by the B-dot probe array. As discussed in Chapter 3, for the spheromak-like plasma,
the typically self-closed poloidal and toroidal magnetic field configurations are shown in
Figure 4.16.
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Figure 4.17. The toroidal and poloidal magnetic field vector plots with the streamlines. The Bdot probe is placed at the edge of the gun muzzle. Shot No.009112215.
Figure 4.17 shows the poloidal and toroidal magnetic field vector plots along with their
streamlines. These plots are obtained from the measured magnetic field data from the B-dot
probe array. For the particular shot, the B-dot probe array is placed right at the edge of the
gun’s muzzle where the typical spheromak configuration has been generated by the coaxial
plasma gun under the operation settings for Regime II. However, the background magnetic
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field has little effect on the plasma bubble. As shown in Figure 4.17, both the toroidal and the
poloidal magnetic field vector plots are consistent with the characteristic magnetic
configuration of a spheromak, indicated in Figure 4.16, during the time period from t = 18 μs
to t = 23 μs. This time frame is marked in the red rectangle which also agrees with the image
data shown in Figure 4.15.
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Figure 4.18. The toroidal and poloidal magnetic field vector plots with the streamlines. The Bdot probe is placed 20 cm away from the gun muzzle in the main chamber. Shot No.009112315.
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A note addressed here is that for the toroidal magnetic field vector plot, the upper part
of the probe array (position 1 to position 5) shows the changing of the toroidal magnetic field
direction from left-to-right to right-to-left (the transient time is around t = 28 μs) while the
lower part of the array (position 6 to position 11) keeps the right-to-left direction all the time.
This result indicates that later in time, with the spheromak propagating into the
background magnetic field, the background magnetic field starts to affect the plasma,
deforming the spheromak’s internal self-closed magnetic field configuration. Figure 4.18
shows the measured poloidal and toroidal magnetic field vector plot results along with their
streamlines in which the B-dot probe array is placed 20 cm away from the gun muzzle. Figure
4.18 clearly shows that the self-closed toroidal and poloidal magnetic field configurations do
not hold any more. At this location, the toroidal magnetic field is pointing in the right-to-left
direction which matches the toroidal vector plot results of the same time frame in Figure 4.17.
The poloidal vector plot in Figure 4.18 also shows that the self-closed poloidal magnetic field
structure is broken and eventually points in one direction.

4.3.2 Discussion of results
A simple physical picture is presented in Figure 4.19. Based on the 2D image data, the
upper and lower parts of the spheromak’s leading edge experience Lorentz force in roughly
opposite directions due to the background magnetic field, and the discharged current, as
indicated in Figure 4.19. These two unbalanced, and asymmetric, 𝐽×𝐵 forces cause the
plasma’s leading edge to drift upwards.
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Figure 4.19. The plasma leading edge experiences the asymmetric 𝐽×𝐵 force.
Furthermore, if we take the plasma bubble’s toroidal magnetic field in account. The
configurations of both B𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 and B𝑡𝑜𝑟𝑜𝑖𝑑𝑎𝑙 are shown in Figure 4.20. Clearly, at the
interface between the plasma and the background magnetic fields, for the upper part, these two
magnetic field are antiparallel to each other and vice versa for the lower part.
As detailed in Chapter 1, the formation and evolution of the Rayleigh-Taylor instability
in a magnetized plasma heavily depends on the geometry of the magnetic field relative to the
interface (between the plasma and the background magnetic field for the PBEX project). In the
case of a magnetic field perpendicular to the surface, the magnetic Rayleigh-Taylor instability
will reduce to the unmagnetized fluid case. The magnetic field has no effect for large
wavelength disturbances. In the case of the magnetic field parallel to the interface, the magnetic
Rayleigh-Taylor instability will simply interchange the magnetic field lines between the
⃑ = 0 (the disturbance is perpendicular to the magnetic field). If ⃑𝒌 ∙ ⃑𝑩
⃑ ≠ 0, the
interface if ⃑𝒌 ∙ ⃑𝑩
disturbance is at an oblique angle with respect to the magnetic field and the magnetic tension
force stabilizes the Rayleigh-Taylor instability.
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Figure 4.20. The cartoon picture shows the background magnetic field and the spheromak’s
toroidal magnetic field configurations.
The growth rate of the two-dimensional (2D) magnetic Rayleigh-Taylor instability is
expressed below:36

⃑ −
𝛾 2 = 𝑎𝒌

⃑ ∙𝑩
⃑⃑ )2
(𝒌
𝜇0 𝜌𝑝𝑙𝑎𝑠𝑚𝑎

(4.10)

⃑⃑ is the unperturbed magnetic field vector, 𝑎 is the acceleration, ⃑𝒌 is the perturbation
where 𝑩
wave-vector, and 𝜌𝑝𝑙𝑎𝑠𝑚𝑎 is the plasma density.
⃑⃑ , contributes to the stabilization, and suppresses
Eq.4.10 indicates that the term, ⃑𝒌 ∙ 𝑩
the instability growth rate as discussed above. For the upper part of the plasma, the B𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
and B𝑡𝑜𝑟𝑜𝑖𝑑𝑎𝑙 are antiparallel at the interface as shown in Figure 4.20. Consequently, the
⃑ ∙𝑩
⃑⃑ , is reduced and the Rayleigh-Taylor instability is more likely to
stabilization term, 𝒌
happen at the upper side rather than the lower side.
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Figure 4.21. The magnetic Rayleigh-Taylor instability growth rate calculation based on the
image data. (Shot No.034050914).
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The Rayleigh-Taylor instability growth rate can be estimated directly from the image
data. Based on the image data shown in Figure 4.21, the fine structure amplitude’s timeevolution gives an observed growth rate 𝛾𝑅𝑇 ≈ 𝟏. 𝟒𝟑 ×𝟏𝟎𝟔 𝒔−𝟏
Also from the images, the measured transverse acceleration of the filament is: 𝑎 ≈
1.78×1010 m/𝑠 2 . The axial wavenumber, 𝑘, is 503 𝑚−1. Then the calculated growth rate is:
𝛾𝑅𝑇−𝑐 = √𝑎 ∙ 𝑘 = 𝟑. 𝟎×𝟏𝟎𝟔 𝒔−𝟏 . Both calculations are in good agreements with each other.
The agreement between the calculated and observed growth rates, along with the
observed location, and spatial periodicity of the “finger” structures are all consistent with the
Rayleigh-Taylor instability.35 These results confirm that the finger structures are the RayleighTaylor instability, and the growth rate is in the order of ~106 𝑠 −1 for the PBEX project.

4.4 Summary
In this chapter, the gun-generated plasma jet, and spheromak-like plasma, propagating
into a background magnetized plasma, and a background magnetic field, were discussed in
detail. Both the CCD camera data, and B-dot probe data show that there is no obvious
difference between the gun-generated plasma travelling into a background magnetized plasma,
and into a background magnetic field. The remainder of this chapter focused on the plasma’s
evolution for propagating into the background magnetic field.
Plasma jets propagating into background magnetic field were found to be more
stabilized as compared to propagation in vacuum. The calculated magnetic Reynold’s number
indicates that the background magnetic field is advected with the plasma flow. The bending
magnetic field lines create a magnetic tension force that acts on the jet body, pinching the jet
body column even further, and causing a significant radial shear in the axial flow. The
measured poloidal and toroidal magnetic field data confirms the pinch effects. Furthermore,
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the linearization of MHD equations shows that if the axial sheared flow is greater than the
criterion, 0.1kVA, it can suppress, or reduce the m =1 kink instability, making the jet more
stable. The measured axial sheared flow data are consistent with the theoretical analysis.
Significant differences are also found in the case of spheromak plasmas propagating
into background magnetic field as compare with vacuum. When spheromaks propagate into a
background magnetic field, non-uniform expansion is observed, and a magnetic RayleighTaylor (MRT) instability is observed at the upper side in the image data. A simple physical
picture is proposed to describe how the background magnetic field affects the spheromak. The
⃑⃑
observed non-uniform plasma expansion (up-down non-uniformity) is due to different 𝑱×𝑩
forces. The measured poloidal and toroidal magnetic field data show that the plasma does not
hold the typical self-closed magnetic configuration under the influence of a background
magnetic field. On the upper side, the opposite directions of the background and the toroidal
⃑ ∙𝑩
⃑⃑ ) which makes it easier for the MRT to
magnetic field reduce the stabilization term (𝒌
happen at this side. The growth rate is calculated from the image data, and the results indicate
that the MRT growth rate is in the order of 106 𝑠 −1 for the PBEX project.
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Chapter 5 Summary and Future Work
This thesis reports on three main results from the PBX project carried out on the
Helicon-Cathode (HelCat) linear plasma device at the University of New Mexico (UNM).
The first section describes the experimental apparatus. Details have been presented in
Chapter 2 for the design, construction, simulation, debugging, characterization, and calibration
of the gun’s performance. A long-term issue for the PBEX project has been that references on
similar experiments have little information about their experimental set-ups. Hopefully
Chapter 2 can serve as the reference for prospective students who will continue the PBEX
project. The co-axial plasma gun is now working routinely. The hardware and diagnostics have
been fully developed.
Next, the gun’s performance has been classified into four regimes, similar to Yee, Hsu,
and Bellan’s results,44 based on CCD camera image data. For Regime I and Regime II, which
are the most interesting regimes, Chapter 3 gives detailed analysis of experimental data, mainly
magnetic field data obtained from the B-dot probe array. These experiments on gun operating
regimes match well with similar experiments carried out on other devices. The experiments
discussed in the Chapter 3 are verification experiments to examine the gun’s performance,
validate the model’s prediction, and support theories about the plasma jets and spheromaks.
Details were presented on how to analyze the large amounts of spatial data, visualize the 3D
magnetic field configurations, make spatial vector plots etc.
Thirdly, this dissertation reports the results of two sets of new plasma experiments
performed within the PBEX project. The two distinct topics, regardless of the different
variations, are united in one theme: the effects of the perpendicular magnetic field on the
evolution of the various magnetized plasma formations.
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For the plasma jet propagating into the background magnetic field, a global
stabilization of a jet column is observed. Although the localized B-dot probe measurements
indicate an internal kink instability is present, it does not deform the global jet column.
Linearization of the ideal MHD equations shows that if the axial sheared flow is greater than
0.1kVA, axial sheared flow contributes to the stabilization process. For this case, the tension
force from the background magnetic field causes the axial sheared flow. The measured spatial
evolution of the axial velocity profile shows a significant velocity shear which meets the
stabilization criterion.
For the case of a spheromak-like plasma propagating into a background magnetic field,
both the image data and magnetic field data show that the typical self-closed magnetic field
configuration of the spheromak is deformed and no longer maintains its original shape due to
the asymmetric Lorentz force from the background magnetic field. Furthermore, at the upper
side of the plasma’s leading edge, a magnetic Rayleigh-Taylor instability is observed from the
image data. The growth rate is calculated to confirm the observed finger structure is consistent
with the magnetic Rayleigh-Taylor instability.
For the future work, a more suitable MHD theory is being developed for the axial
sheared flow stabilization for the PBEX project. At the same time, the 3D Bats-R-US code133
is employed to model the actual experiment with the proper boundaries. Furthermore, new
diagnostics such as multiple channel spectroscopic array will contribute to the detail
measurements of the plasma parameters’ radial profile.
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